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Abstract 

Despite progress in the understanding of the biology and genetics of melanoma, no 

effective treatment against this cancer is available. The adjacent microenvironment 

plays a key role in the progression of these tumors. Defining the molecular signals 

that control the bidirectional dialogue between malignant cells and the surrounding 

stroma is crucial for efficient targeted therapy. Our study aimed at defining the role of 

sphingosine-1-phosphate (S1P) in melanoma-stroma interactions. Transcriptomic 

analysis of human melanoma cell lines showed increased expression of sphingosine 

kinase-1 (SPHK1), the enzyme that produces S1P, as compared to normal 

melanocytes. Such an increase was also observed by immunohistochemistry in 

melanoma specimens as compared to nevi, and occurred downstream of ERK 

activation due to BRAF or NRAS mutations. Importantly, migration of melanoma cells 

was not affected by changes in SPHK1 in melanoma but was stimulated by 

comparable modifications of S1P-metabolizing enzymes in co-cultured dermal 

fibroblasts. Reciprocally, incubation of fibroblasts with the conditioned medium from 

SPHK1-expressing melanoma cells resulted in their differentiation to myofibroblasts, 

increased production of matrix metalloproteinases, and enhanced SPHK1 expression 

and activity. In vivo tumorigenesis experiments showed that the lack of S1P in the 

microenvironment prevented the development of orthotopically injected melanoma 

cells. Finally, local tumor growth and metastases were enhanced more efficiently by 

co-injection of wild-type skin fibroblasts than by fibroblasts from Sphk1-/-
 mice. 

Altogether, our findings highlight the implication of SPHK1/S1P in stromagenesis to 

facilitate melanoma progression and metastases. This novel role of S1P in 

melanoma-microenvironment interactions makes this pathway a particularly attractive 

therapeutic target. 
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Introduction 

Tumors are composed of neoplastic cells and non-neoplastic stromal cells that 

interact with each other, either through direct heterotypic cell-cell contacts or through 

secreted diffusible molecules, to stimulate tumor progression towards an aggressive 

phenotype (1). One of the key cellular components in the microsystem of the reactive 

stroma is the myofibroblast, a modulated fibroblast that has acquired during 

stromagenesis the ability to express α-smooth muscle actin (α-SMA) and to secrete 

growth factors, extracellular matrix (ECM) components including collagen and 

fibronectin and ECM modulating factors such as matrix metalloproteinases (MMPs) 

(2,3). These microenvironmental factors strongly contribute to enhance cancer cell 

growth but also promote their metastatic spread towards secondary organs, a key 

feature of tumor progression (4). Myofibroblasts derive from resident stromal cells or 

circulating mesenchymal stem cells, that have been attracted to the primary tumor 

site. Whatever their origin, under the influence of efferent signals from tumor cells, 

these cells differentiate into myofibroblasts, thereby engaging a cycle of paracrine 

afferent signals, sensed by cancer cells which respond by changing their motility and 

aggressiveness (5).  

In melanoma, which is the most malignant and the deadliest form of all skin 

cancers (6), the dense and fibrotic nature of the tumor is thought to be a direct 

consequence of the presence of myofibroblasts (7). The recruitment and infiltration of 

large numbers of mesenchymal cells in the microenvironment of solid tumors is often 

associated with the development of high-grade cancers with poor prognosis (8). 

Notably, the determination of melanoma virulence, assessed either by Clark levels 

(9) or by the Breslow measurement of tumor thickness (10), has been conventionally 

related to the invasion of the dermal fibroblast-rich layer of the skin. However, 
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whereas the role of tumor-myofibroblast interactions in melanoma progression are 

increasingly documented (11), how dermal fibroblasts modulate this dialogue is less 

known. Recently, by using a 3D-coculture model in which preformed melanoma 

spheroids were implanted into a collagen matrix containing dermal fibroblasts, it has 

been shown that melanoma cells actively recruit normal fibroblasts (12). This event 

could contribute to melanoma cell growth and resistance to treatment but the 

molecular mechanisms underlying these processes have not yet been completely 

elucidated. 

By transcriptomic analysis performed on various human skin melanoma cells, we 

previously observed that expression of sphingosine-1-phosphate (S1P) lyase, the 

enzyme that cleaves S1P, was reduced in tumor cells compared to normal 

melanocytes, suggesting that melanoma cells could accumulate S1P (13). This 

bioactive sphingolipid metabolite, which is mainly produced by sphingosine kinase-1 

(SPHK1) in numerous cancer cells, conveys oncogenic signals as an intracellular 

second messenger and/or through a family of G-protein coupled receptors (S1PR1-5) 

expressed on tumor cells themselves as well as their surrounding microenvironment 

(14,15). Indeed, many lines of evidence point to the role of S1P in tumor 

angiogenesis by stimulating production of angiogenic factors and chemotaxis of 

endothelial cells, consequently, promoting tumor cell invasion and metastasis (16). 

Treatment of mice with FTY720, an antagonist of S1PRs, reduced melanoma 

progression by inhibiting tumor vascularization (17). Moreover, S1P-neutralizing 

antibodies blocked endothelial cell migration, capillary morphogenesis, and reduced 

tumor growth in murine xenograft and allograft models (18), indicating that S1P and 

its receptors are closely related to the angiogenic process.  

Emerging evidence highlights the role of S1P-mediated signaling pathways in 
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promoting the transdifferentiation of fibroblasts into myofibroblasts during human 

fibrotic diseases (19). Interestingly, previous studies demonstrated that stromal 

myofibroblasts within the tumour resemble those present in wounded and fibrotic 

tissues, expressing a set of proteins including α-SMA and others, allowing to grossly 

change the ECM architecture (20). However, whether S1P signaling is involved in the 

tumor invasion-promoting effect of myofibroblasts has never been studied. 

Therefore, the goal of this study was to define the molecular mechanisms 

involved in the production of S1P in melanoma cells and to determine its effects on 

the communication between cancer cells and dermal fibroblasts. Our results identify 

the SPHK1/S1P as a critical signaling pathway in this dialogue to mediate melanoma 

cell invasion and metastasis. 
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Material and Methods 

 

Cell culture 

Melanoma, HEK293T cell lines and PSC-200-012 primary neonatal epidermal 

melanocytes were obtained from ATCC. Cells were thawed and passaged according 

to ATCC guidelines for less than 6 months after receipt or resuscitation. ATCC 

authenticates cell lines by DNA fingerprinting by STR analysis. Adult NHEM-M2 and 

juvenile NHEM-B primary melanocytes were from Lonza (Amboise, France). Melan-a 

murine melanocytes were from Dr. D. Bennett (London, UK). Fibroblasts were 

isolated from the dermis of healthy patients (Lab. Biochimie, CHU Toulouse). The 

MM455 cell line was kindly provided by Dr. H. Tsao (Boston, MA). Cells were grown 

as monolayers either in RPMI or DMEM media supplemented with 10% heat-

inactivated FCS (PAA, Cergy-Pontoise, France) in the presence of 5% CO2 in a 

humidified atmosphere at 37°C. 

 

Isolation of murine dermal fibroblasts 

Murine dermal fibroblasts were isolated as adapted from (21). 

 

Cell transfection 

Transient transfections of HEK293T cells with BRAF or BRAFV600E-encoding 

plasmid were achieved using JetPEI reagent (Polyplus). pcDNA3.1-SPHK1 or 

SPHK1G82D plasmid was transfected into COLO829 and Melan-a cells and stable 

transfectants were selected for their resistance to 750µg/ml G418.  

Transient RNA interference was achieved by using a pool of four small interfering 

RNAs (siRNA) specific for SPHK1, SGPL1 or BRAF (ON-TARGETplus SMARTpool; 



Albinet et al.  7 

Dharmacon) or scrambled siRNA. Cells were transfected using HiPerfect Reagent 

(Qiagen) and inhibition efficiency was evaluated 48h after transfection. 

 

Migration assays 

Transmembrane cell migration assays were performed using FluoroBlok inserts 

(BD Biosciences, Bedford, MA). Fibroblasts were first seeded in the lower chamber 

and incubated in serum-free DMEM for 24h. Alternatively, the chamber contained 

S1P (Matreya, Pleasant Gap, PA) and/or VPC23019 (Avanti Polar Lipids, Alabaster, 

AL). A375-GFP cells (1.10
5
 cells) suspended in serum-free DMEM were then added 

into the upper chamber. After 24h of incubation, migration was determined by 

quantifying the fluorescence of cells that migrated to the underside of the insert 

membranes. In some assays, melanoma cell migration was assessed by scratch 

wound assay (12). 

 

Quantitative RT-PCR 

Analyses of mRNA expression were achieved as described (13). 

 

SPHK1 enzymatic assay  

SPHK1 activity was determined as described (22) with minor modifications. 

 

S1P secretion 

Cells cultured in six-well plates were incubated for 10min with D-erythro-[3-

3
H]sphingosine (1.5µM, 0.45µCi; Perkin-Elmer). The radiolabelled S1P released into 

the medium was quantified as described (23).  
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Western blot analyses 

Equal amounts of proteins were separated in a 10-15% SDS polyacrylamide gel 

and transferred to a nitrocellulose membrane (Bio-Rad, Hercules, CA). Protein 

complexes were detected using an ECL detection system (Pierce). Polyclonal anti-

SPHK1, BRAF, Vimentin, ppERK, ERK and β-actin were purchased from Cell 

Signaling, anti-SGPL1 and α-SMA antibodies from Sigma, and anti-MMPs, S1PR1 

and S1PR3 antibodies from Epitomics.  

 

Tumor allografts in mice 

Animal experiments were conducted in accordance with the 86/609/EC European 

directive, and our protocol was approved by the Regional Ethics Committee of Midi-

Pyrénées. B16F10 cells (3.10
5
) alone or B16F10 (1.10

5
) mixed with fibroblasts 

(2.10
5
) were injected intradermally into the flank of 8-week old C57BL/6 female mice 

(Janvier, Le Genest-Saint-Isle, France) or Sphk1-/- mice (24). Tumor volumes were 

measured as described (25). Tumors were removed 19 days post-injection and 

weighed. 

 

Immunohistochemical analysis 

Tissue specimens obtained from Institut Claudius Regaud were processed as 

reported (26). The primary rabbit anti-SPHK1 antibody (Sigma) was incubated for 1h 

at room temperature and revealed using a one-step peroxidase-conjugated polymer 

system (En Vision™ DAKO, Glostrup, Denmark) and 3,3′-diaminobenzidine. Scores 

for percentage of positive cells and scores for expression intensities were multiplied 

to calculate an immunoreactive score (IRS). 

 



Albinet et al.  9 

Statistical analyses 

Results are expressed as means±sem. Student’s t test was used for statistical 

comparisons among groups and differences were considered statistically significant 

when p<0.05 (*, p < 0.05; **, p < 0.01; ***, p < 0.001). 
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Results 

 

Dysregulation of S1P metabolism in melanomas 

As we previously reported, the expression of S1P lyase, which irreversibly 

degrades S1P, was downregulated in a series of invasive or metastatic melanoma 

cells as compared with that of healthy melanocytes (13), we wondered whether 

expression of SPHK1, the kinase that produces S1P, is also altered in melanocytic 

tumor cells. Here, we report that, whereas SPHK2 and S1P phosphatase-1 (SGPP1) 

transcript levels were unchanged and decreased, respectively (Fig.S1), mRNA 

(Fig.1A) and protein (Fig.2A) levels of SPHK1 are upregulated in various human 

cutaneous melanoma cells. An increase of 1.7-11.5 fold of SPHK1 enzyme activity 

was observed in all human melanoma cell lines tested (Fig.1B)!except for COLO829 

cells in which the protein is virtually not expressed (Fig.1A and 2A). Similar results 

were observed for B16F10 murine melanoma cells as compared to murine 

melanocytes of C57BL/6 origin (Fig.1B). Moreover, immunohistochemical 

examination of biopsies obtained from a series of 30 patients with melanoma 

revealed a higher expression of SPHK1 in the tumor tissue than the adjacent 

melanocytic nevus (Fig.1C). Moreover, SPHK1 was expressed in the four main 

histologic subtypes of cutaneous melanoma (Fig.1D). Altogether, these findings show 

that S1P metabolism is altered in melanoma cells, pointing to a possible role of S1P 

in melanocytic tumor progression. 

 

SPHK1 expression and activity are modulated by the serine/threonine-

specific protein kinase BRAF in melanoma cells 
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With the discovery of frequent BRAF or NRAS mutations in melanocytic 

neoplasms, which result, for the vast majority of them, in a single amino acid change 

at codon 600 (BRAFV600E) or 61 (NRASQ61L), respectively, activation of the 

RAS/RAF/MEK/ERK signaling pathway has emerged as a major event of the 

metastatic progression of melanoma (27). 

As shown in Fig.2A, SPHK1 is overexpressed in melanoma cells in which BRAF 

and ERK are stimulated by the presence of activating NRAS or BRAF mutations. To 

determine the molecular mechanisms by which SPHK1 is activated, we first 

transfected HEK293T cells with a vector expressing either wild-type BRAF or 

oncogenic BRAFV600E and then analyzed the effect on! "#$!$%&'$(()*+!,+-!$+./0$!

,1")2)"/! *3! 45678. As compared to the empty-vector control counterparts, BRAF 

overexpression was associated with increased of ERK phosphorylation as well as 

SPHK1 expression and activity (Fig.2B and 2C). Interestingly, treatment of BRAF-

overexpressing cells with the MEK inhibitor PD98059 decreased ERK 

phosphorylation and SPHK1 expression ; similar findings were observed in BRAF 

()9:;-treated melanoma cells (Fig.2D). In contrast, SPHK1 overexpression in 

HEK293T cells or in melanocytes (Melan-a) or, conversely, silencing of the kinase in 

melanoma cells weakly affected ERK phosphorylation. The same results were 

obtained in melanocytes overexpressing the inactive mutant SPHK1G82D (Fig.2E). 

These results suggest that SPHK1 expression/activity is controlled by the 

RAS/RAF/ERK cascade in melanoma cells. 

 

Melanoma cell migration is not affected by tumor cell SPHK1 but is 

stimulated by SPHK1-expressing dermal fibroblasts. 
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To investigate whether and how SPHK1 affects melanoma progression, we used 

the melanoma cell line COLO829 which was devoid of SPHK1 protein and we 

generated the COLO829(SPHK1) variant, which exhibited a high SPHK1 activity 

(Fig.3A). Then, we assessed the effects of SPHK1 on cell proliferation and migration. 

As illustrated in Fig.S2, no difference in cell number was observed upon SPHK1 

overexpression. Migration of COLO829 cells also remained unaffected by ectopic 

SPHK1 (Fig.3B). These results were confirmed by using other melanoma cell lines in 

which SPHK1 was silenced, demonstrating that expression of SPHK1 alone within 

melanoma cells is not sufficient to stimulate their proliferation or migration. 

Since fibroblasts strongly contribute to melanoma progression (28), we next 

examined the role of dermal fibroblasts on melanoma cell migration. To this end, 

A375 melanoma cells were seeded in Boyden chambers and co-cultivated for 24h 

with primary fibroblasts isolated from the dermis of heathly donors. Fig.3C shows that 

melanoma cell migration increased almost 4-times when tumor cells were cocultured 

with dermal fibroblasts. Interestingly, this phenomenon was further enhanced when 

SPHK1 was overexpressed by fibroblasts. Moreover, when A375 cells were 

cocultured with fibroblasts in which S1P lyase has been knocked-down (to promote 

S1P accumulation), tumor cell migration increased. In contrast, siRNA-mediated 

knockdown of SPHK1 in dermal fibroblasts led to ∼50% decrease in melanoma cell 

migration. In accordance, the coculture of A375 cells with SPHK1-deficient 

fibroblasts, derived from the skin of Sphk1-/-
 mice, decreased their migration as 

compared to a coculture with wild-type fibroblasts. Altogether, these findings 

demonstrate that SPHK1 expressed by dermal fibroblasts stimulates melanoma cell 

migration and suggest (as indicated by the use of S1P lyase siRNA) that S1P itself 

could influence these interactions. 
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Finally, to determine the effect of S1P on melanoma cell migration, transwell 

migration assays were conducted on A375 melanoma cells treated with S1P. As 

depicted in Fig.3D, tumor cell migration was enhanced by 6-fold as compared with 

controls, respectively. Treatment by a pharmacological antagonist of S1PR1 and 

S1PR3 receptors abrogated this migratory effect. 

!

SPHK1-expressing melanoma cells stimulate transition of fibroblasts to 

myofibroblasts : effect on melanoma cell migration!

To gain further insight into the communication between melanoma cells and 

dermal fibroblasts, we examined SPHK1 expression in dermal fibroblasts upon 

incubation with the conditioned medium either from COLO829(SPHK1) or control 

COLO829 which do not express SPHK1. As illustrated in Fig.4A and B, conditioned 

medium from COLO829(SPHK1) led to increased SPHK1 mRNA and protein levels 

in the fibroblasts ; however, no effect was observed on the expression of S1PR1 and 

3. In addition, secretion of S1P by COLO829(SPHK1)-treated fibroblasts was greater 

than that by fibroblasts incubated with conditioned medium from control COLO829, 

and was comparable to that by SPHK1-overexpressing fibroblasts (Fig.4C).  

As S1P can stimulate the transdifferentiation of fibroblasts into myofibroblasts 

during fibrotic diseases (19), we next explored the expression of α-SMA, a common 

marker of myofibroblasts (29). Fig.4D shows that α-SMA expression was strongly 

induced in dermal fibroblasts exposed to the conditioned medium from 

COLO829(SPHK1) as compared to untreated or control COLO829-stimulated 

fibroblasts. In contrast, none of the conditioned media altered the level of vimentin, a 

cytoskeletal protein expressed by mesenchymal cells. 
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In addition, levels of MMP-2 and -9 expression, but not MMP-1 and -13, four 

MMPs which are activated during melanoma cell invasion (30), were elevated in 

dermal fibroblasts upon incubation with conditioned medium from COLO829(SPHK1) 

(Fig.4D). Increased secretion of both MMPs was also observed in the medium of 

COLO829(SPHK1)-stimulated fibroblasts (Fig.4E). 

To establish whether the above alterations seen in cultured fibroblasts also occur 

within melanocytic tumors, tumor-associated fibroblasts (TAFs) were isolated from 

human melanoma biopsies and characterized by their cytoskeleton marker α-SMA. 

Unlike melanoma cells, TAFs expressed α-SMA (Fig.S3A). In these cells, the mRNA 

levels of MMP-2, MMP-9 and SPHK1 as well as SPHK1 enzymatic activity were 

significantly increased as compared to human dermal fibroblasts (Fig.S3B). 

Overall, these data indicate that modulation of SPHK1 within melanoma cells 

promotes tumor cell migration by regulating myofibroblast-like differentiation of 

dermal fibroblasts, SPHK1 activation and secretion of S1P by differentiated 

fibroblasts. 

!

SPHK1 activity of dermal fibroblasts modulates tumor growth and 

dissemination in a mouse model of melanoma 

To determine the effect of SPHK1 suppression in dermal fibroblasts on 

melanoma growth and metastasis, B16F10 murine melanoma cells were injected 

intradermally into the flank of wild-type or SPHK1-knockout mice, and tumor volumes 

were monitored. As shown in Fig.5A, when orthotopically injected into Sphk1-/-
 

syngenic mice, B16F10 tumors exhibited a dramatically decreased growth rate 

compared with tumors allografted in wild-type animals. 
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To further assess the contribution of SPHK1 originating from dermal fibroblasts, 

we mixed fibroblasts extracted from the skin of wild-type or Sphk1-/-
 mice with 

B16F10 melanoma cells in a 2:1 ratio, and inoculated these mixtures intradermally in 

syngenic wild-type C57BL/6 mice. As expected, B16F10 melanoma cells mixed with 

wild-type fibroblasts generated tumors of greater volume (Fig.5B) and weight 

(Fig.5C) than did B16F10 alone or murine melanoma cells that had been mixed with 

Sphk1-/-
 fibroblasts prior to injection into host animals. Importantly, injections of 

fibroblasts without melanoma cells did not induce any tumors (Fig.5B). In 

accordance, Sphk1-/-
 mice showed an increased tumor weight after co-implantation of 

B16F10 murine melanoma cells along with wild-type fibroblasts as compared to 

deficient mice injected with B16F10 alone or mixed with SPHK1-deficient fibroblasts 

(Fig.5C). 

As SPHK1-expressing fibroblasts are able to stimulate the migration of 

melanoma cells in culture (Fig.3D), we next evaluated the impact of genetic deletion 

of SPHK1 in fibroblasts on the metastatic potential of the melanoma tumors. We 

found that 15-20% of the wild-type mice implanted with B16F10 mixed with wild-type 

fibroblasts developed lung metastases whereas only 2.5% of mice injected with 

B16F10 along with Sphk1-/-
 fibroblasts had metastases. In contrast, no metastasis 

was observed within 20 days in mice implanted with B16F10 alone (Fig.5D). 

Moreover, the number of metastases was 4-times higher in mice implanted with 

B16F10 mixed with wild-type fibroblasts compared to animals co-injected with 

SPHK1-deficient fibroblasts (data not shown). Overall, these results suggest that 

dermal fibroblasts regulate metastatic spread of melanoma cells and that SPHK1 

expressed in fibroblasts is a major player in this process.  
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Discussion 

Mesenchymal modifications, also known as stromagenesis, are a common 

feature of many solid tumors (29). In melanoma, stromagenesis corresponds to a 

four-stage process similar to that described during wound healing or fibrosis, that 

involves : i) recruitment of resident dermal fibroblasts or circulating precursor cells ; ii) 

fibroblast activation and proliferation ; iii) transdifferentiation into myofibroblasts; and 

iv) synthesis and secretion of mediators that promote tumor cell growth and 

propagation (28). These stromal alterations, triggered by cancer cells themselves 

during early tumor development, constitute a key step of tumorigenesis. Defining 

intercellular molecular dialogues in melanoma, a highly aggressive tumor, has 

become a major challenge to identify potential stroma targets that could slow down 

the formation of secondary tumor foci. 

Here, we report that S1P metabolism plays a pivotal role in this communication. It 

is altered in melanoma cells as illustrated by down-regulation of the S1P-degrading 

enzymes, S1P lyase (13) and phosphatase, and conversely, up-regulation of the 

S1P-producing enzyme SPHK1, with no significant modification of the apoptosis-

inducing kinase SPHK2. SPHK1 expression was increased in cancer versus non-

cancer tissue in cutaneous melanoma patients but this activation is not associated 

with a particular histologic subtype while NRAS or BRAF mutations are frequent in 

nodular and superficial spreading melanoma (31). We also show that expression of 

SPHK1 depends on ERK phosphorylation, downstream of BRAF which is 

constitutively activated in melanoma due to the presence of activating NRAS or 

BRAF mutations. These data agree with studies showing that in many tumors SPHK1 

mRNA and protein expression are enhanced relative to healthy tissue (32). 

Moreover, they corroborate the finding that V12-H-Ras, an active mutant of Ras, was 
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able to activate SPHK1 in 3T3 fibroblasts (33). However, this is the first report which 

demonstrates that SPHK1 expression is dependent on the RAS/RAF/MEK/ERK 

signaling pathway, either in NRAS- or BRAF-mutated melanoma cells, suggesting 

that SPHK1 could be a novel molecular target for anti-melanoma therapies. A recent 

study reported that targeting SPHK1 by genetic or pharmacological approaches 

increases apoptosis of xenografted melanoma tumors (34). This protective effect 

correlated with decreased Bcl-2 expression (35). 

In addition, this study demonstrates that endogenous production of S1P by 

SPHK1 alters neither proliferation nor migration of melanoma cells. In contrast, tumor 

cell migration was significantly enhanced in the presence of dermal fibroblasts 

especially when they express SPHK1. These results reinforce the concept that 

dermal fibroblasts are key players of melanoma development (12). Moreover, we 

observed that the migratory potential of human melanoma cells correlates with their 

ability to stimulate SPHK1 expression in dermal fibroblasts. The latter cells secrete 

S1P into the medium which in turn activates melanoma migration. This event was 

blocked by VPC23019, a S1PR1 and S1PR3 antagonist, suggesting that the 

migratory effect of S1P is mediated by either of these receptors. However, why 

expression SPHK1 in melanoma cells was not sufficient by itself to induce migration, 

remains to be clarified. One explanation may relate to S1PR expression levels. 

Indeed, a 3-fold increase in S1PR3, but not S1PR1 and 2 (data not shown), was 

observed in A375 cells cocultured with SPHK1-overexpressing fibroblasts compared 

to control fibroblasts. Of note, activation of S1PR3 receptors by S1P triggers 

migration of numerous cell types by regulating rho family small-G-proteins (14). 

Moreover, we show that SPHK1-expressing melanoma cells can induce 

fibroblast differentiation into myofibroblasts. Expression of the two gelatinases MMP-
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2 and -9, which contribute to matrix remodeling in vivo, was also induced upon 

treatment with the conditioned medium of SPHK1-expressing melanoma cells. 

Interestingly, increased expression of SPHK1, MMP-2 and -9 was also found in α-

SMA-expressing TAFs isolated from human melanoma biopsies. 

These data emphasize a new role for SPHK1/S1P signaling in fibroblastic 

differentiation in the context of cancer (see Fig.S4). Indeed, emerging evidence 

shows that S1P production is linked to myofibroblastic differentiation during wound 

healing (36) or fibrotic lesions (19,37). For instance, S1P promotes differentiation of 

human lung fibroblasts to a pro-fibrotic, myofibroblast phenotype (38) and stimulates 

collagen synthesis in foreskin fibroblasts (39). In addition, S1P induces α-SMA 

expression in hepatic (40) and lung fibroblasts (41). Many of these actions are 

mediated by the binding of S1P to its receptors. Nonetheless, in our experiments, 

direct stimulation of dermal fibroblasts with exogenous S1P did not replicate the 

effects obtained with conditioned media from SPHK1-expressing melanoma cells 

(data not shown). This suggests that the differentiating effects of SPHK1-expressing 

melanoma cells are not mediated solely by extracellular S1P. One could speculate 

that these cells secrete other factors that induce both SPHK1 activation in fibroblasts 

and differentiation into myofibroblasts. For instance, TGF-β, a key cytokine of 

fibroblastic differentiation, can stimulate SPHK1 expression in dermal (42) and 

cardiac (43) fibroblasts.  

Of major interest was the finding that S1P production by skin fibroblasts, present 

in the vicinity of tumor cells, enhanced in vivo melanoma growth and dissemination. 

Importantly, mice allografted with B16F10 murine melanoma cells exhibited 

substantial retardation of tumor progression upon anti-S1P antibody treatment (18). 

This event was associated to the inhibition of vascular endothelial cell migration and 
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bFGF- and VEGF-induced angiogenesis. In addition to the S1P’s key paracrine role 

in blood-vessel formation (44,45), lymphangiogenesis (45,46) and inflammation-

related carcinogenesis (47), our findings now provide evidence that SPHK1/S1P 

signaling could initiate stromagenesis, facilitate local tumor growth and promote 

metastasis in melanoma. Besides the very recently reported role of systemic S1P in 

regulating lung colonization of circulating tumor cells (48), our observation adds a 

novel facet to the functions of SPHK1/S1P in cancer. This gives further credence to 

therapeutic strategy targeting the SPHK1/S1P axis that would fight cancer through 

multiple actions. 
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Legends to the figures 

 

Figure 1. Expression of SPHK1 in melanoma 

(A) SPHK1 mRNA in human melanoma cell lines was quantified by RT-PCR. Data 

are expressed as fold-change over the levels in adult (NHEM-M2) or juvenile (NHEM-

B) human melanocytes. Data are means±sem of 3 independent experiments done in 

duplicate. (B) SPHK1 activity was measured in human (left) and mouse (right) 

melanoma cell lines. Data are expressed as fold-change over the activity in human 

(left) and murine (right) melanocytes. Results are representative of at least 2 

independent experiments performed in duplicate. (C) SPHK1 expression was 

evaluated by immunohistochemistry in biopsies from patients. (Left) Representative 

picture of SPHK1 detection in melanoma (arrows) compared to an adjacent nevus. 

(Right) Immunoreactive scores (IRS) of SPHK1 expression in nevi (n=20) and 

melanoma (n=30). Horizontal lines correspond to the IRS means. (D) SPHK1 IRS in 

melanoma (n=26) according to subtype : superficial spreading (SSM), nodular (NM), 

acral lentiginous (ALM) and lentigo maligna (LMM) melanoma. 

 

Figure 2. Regulation of SPHK1 expression by BRAF 

(A) Cell lysates (50 µg protein) of human neonatal melanocytes (PSC-200-012) and 

melanoma cell lines were subjected to SDS-PAGE and Western blotted with anti-

SPHK1, BRAF and ppERK. An anti-β-actin was used as a control for protein loading. 

Results are representative of at least 2 independent experiments. The status for 

NRAS and BRAF mutations is indicated (nd, not determined). (B) HEK293T cells 

were transfected with an empty vector or with a plasmid encoding either for the wild-
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type or oncogenic (V600E) form of BRAF. Expression of BRAF, ppERK, SPHK1 and 

S1P lyase was evaluated by Western blot. (C) SPHK1 activity was measured in the 

cells described in B. Data are means±sem of 2 independent experiments done in 

duplicate. (D) Western blot analysis of BRAF, ppERK and SPHK1 in HEK293T cells 

expressing BRAF incubated or not for 24h with PD98059 (50 µM) and in SKMel-28 

cells transfected with a control (Ctrl) or BRAF siRNA (10 nM) for 72h. (E) Analysis of 

BRAF, ppERK and SPHK1 in HEK293T, Melan-a and WM-115 cells transfected with 

an empty vector, a plasmid coding for wild-type or mutated (G82D) form of SPHK1, 

or with control (Ctrl) or SPHK1 siRNA (20 nM) for 72h. Anti-ERK and anti-β-actin 

antibodies were used as controls. 

 

Figure 3. Melanoma cell migration is modulated by fibroblast-derived S1P 

(A) COLO829 cells were transfected with an empty vector or with a plasmid coding 

for SPHK1. SPHK1 expression and activity were then evaluated by Western blot and 

enzymatic assay, respectively. Results are representative of at least 3 independent 

experiments. (B) Scratch wound assays were performed to evaluate migration of 

COLO829 cells transfected with an empty vector or a plasmid coding for SPHK1, or 

A375 and SKMel-28 cells transfected with control (Ctrl) or SPHK1 siRNA (20 nM). 

Silencing of SPHK1 in A375 cells by siRNA was estimated by Western blot. Data are 

means±sem of 2-4 independent experiments. (C) Effects of modifications of S1P 

metabolism in fibroblasts on A375 melanoma cell migration were evaluated by 

transwell migration assays. To increase the production of S1P by fibroblasts, SPHK1 

was overexpressed or S1P lyase (SGPL1) silenced in human fibroblasts using siRNA 

(left panels). Conversely, to reduce the production of S1P by fibroblasts, we used 
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either siRNA targeting SPHK1 or murine Sphk1-/-
 skin fibroblasts (right panels). 

Expression of SGPL1 and SPHK1 was estimated by Western blot. Data are 

expressed as fold-induction over migration observed in the absence of fibroblasts or 

with control fibroblasts, and are means of 2-9 independent experiments. (D) A375 

melanoma cell migration was evaluated by transwell migration assays in the 

presence of exogenous S1P (5µM) or VPC23019 (2µM). Data are expressed as fold-

induction±sem over migration in serum-free medium, and are means of 2 

independent experiments. 

 

Figure 4. Expression of SPHK1 in melanoma cells makes fibroblasts secrete S1P, 

transdifferentiate and produce MMP 

Human skin fibroblasts were incubated 24h with conditioned media either from 

control (vector) or SPHK1-overexpressing COLO829 melanoma cells. (A) Expression 

of SPHK1, S1PR1 and S1PR3 was then evaluated by RT-PCR. Data are expressed 

as fold-change over the levels in fibroblasts incubated with control conditioned 

medium, and represent means of 3 independent experiments. (B) Western blot 

analysis of SPHK1, S1PR1 and S1PR3. Data are representative of 3 independent 

experiments. (C) Secretion of S1P by fibroblasts incubated with conditioned media 

and by control or SPHK1-overexpressing fibroblasts was monitored after [
3
H]-

sphingosine labelling. Data are means±sem of 3 independent experiments. (D) 

Effects of incubation with conditioned media on the expression of α-SMA, vimentin 

and MMPs, as evaluated by Western blot; an anti-ERK was used as control. (E) After 

24h incubation with COLO829-conditioned media, the culture medium from 

fibroblasts was subjected to zymography to evaluate MMP-2 and -9 gelatinase 
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activity. Results are representative of at least 2 experiments. 

 

Figure 5. SPHK1 expression in fibroblasts drives melanoma tumor development 

(A) B16F10 murine melanoma cells (3.10
5
) were injected in the dermis of wild-type 

(WT) (n=28) or Sphk1-/-
 (n=18) mice. (B) B16F10 cells (1.10

5
) together with WT or 

Sphk1-/-
 dermal fibroblasts (2.10

5
) were injected in the dermis of WT mice (n=17). 

Alternatively, WT or Sphk1-/-
 dermal fibroblasts alone (2.10

5
) were injected as 

controls (n=3). (C) After excision, tumors were weighed. Data are expressed as fold-

increase over simple injections (NS, not significant). (D) The percentage of WT mice 

having developed metastases was monitored for each group.  



B

*

*

*

*

*

S
P

H
K

1
a

c
ti

v
it

y

(f
o

ld
 c

h
a

n
g

e
)

C
O

L
O

8
2
9

G
3
6
1

M
e
l-

J
u

s
o

W
M

-1
1
5

W
M

-2
6
6
.4

S
K

M
e
l-

2
8

U
A

C
C

-2
5
7

A
3
7
5

B
1
6
F

0
B

1
6
F

1
0

*

**

Figure 1 Albinet et al.

D

C

S
P

H
K

1
  

IR
S

 (
%

)

A

S
P

H
K

1
 m

R
N

A

(f
o

ld
 c

h
a

n
g

e
)

NAEVUS MELANOMA

0

5

10

15

***

S
P

H
K

1
  

IR
S

 (
%

)

SSM NM ALMM LMM
0

5

10

15

*

0.1

0.01

6
F

0

6
F

1
0

1
0



Figure 2 Albinet et al.

A

B

V
e
c
to

r

B
R

A
F

V
6
0
0
E

B
R

A
F

!-actin

S1P-Lyase

SPHK1

ppERK

BRAF

E

M
M

4
5
5

P
S

C
-2

0
0
-0

1
2

C
O

L
O

8
2
9

G
3
6
1

M
e
l-

J
u

s
o

W
M

-1
1
5

 W
M

-1
3
4
6

W
M

-2
6
6
.4

S
K

M
e
l-

2
8

U
A

C
C

-2
5
7

A
3
7
5

SPHK1

!-actin

BRAF

ppERK

nd    +      +      -       -      -      -      -       -      -      -

nd    -       -      +      +     +      +     +      +      +     +

S
P

H
K

1
 a

c
ti

v
it

y

 (
p

m
o

l/
m

g
/m

in
)

B
R

A
F

V
6
0
0
E

B
R

A
F

V
e
c
to

r

*

C

V
6
0
0
E

*

**

siRNA

SKMel-28

D

PD98059

- +

HEK293T BRAF

Ctrl BRAF

BRAF

ppERK

SPHK1

ERK !-actin

Melan-aHEK293T WM-115

V
e
c
to

r

S
P

H
K

1

S
P

H
K

1
G

8
2
D

V
e
c
to

r

S
P

H
K

1

siRNA

Ctrl SPHK1

BRAFV600E

NRASQ61L



Figure 3 Albinet et al.

B

C

!-actin

SPHK1

siRNA    Ctrl  SPHK1A

!-actin

SPHK1

COLO829

S
P

H
K

1
H

K
1

S
P

H
K

1
 a

c
ti

v
it

y

 (
p

m
o

l/
m

g
/m

in
)

V
e
c
to

r
****

D

+
 F

ib
ro

b
la

s
ts

(s
iC

o
n

tr
o

l)s
t

M
ig

ra
ti

o
n

(f
o

ld
 i
n

d
u

c
ti

o
n

)

**

*

*

+
 F

ib
ro

b
la

s
ts

 
(V

e
c
to

r)
+
 F

ib
ro

b
la

s
ts

(S
P

H
K

1
)

A
3
7
5

+
 F

ib
ro

b
la

s
ts

(s
iS

P
H

K
1
)

!-actin

+
 F

ib
ro

b
la

s
ts

(s
iS

G
P

L
1
)

***

** *

+
 F

ib
ro

b
la

s
ts

(W
il
d

 t
y
p

e
)

+
 F

ib
ro

b
la

s
ts

(S
p

h
k
1

-/
- )

s
ts

s
ts

***

+
 F

ib
ro

b
la

s
ts

(s
iC

o
n

tr
o

l)

!-actin

SGPL1 SPHK1

actin

*
s
ts

s
ts

M
ig

ra
ti

o
n

(f
o

ld
 i
n

d
u

c
ti

o
n

)

V
e
c
to

r

S
P

H
K

1

s
iC

o
n

tr
o

l
s
iS

P
H

K
1

s
iC

o
n

tr
o

l
s
iS

P
H

K
1

!-actin

SPHK1

o
r

H
K

1

n
tr

o
l

H
K

1

n
tr

o
l

H
K

1

COLO829 A375 SKMel-28

-                               -                               +                VPC 23019

-                              +                               +                S1P

1 ± 0.02 5.9 ± 0.14 1.37 ± 0.16

!-actin

SPHK1

A375

** *



C D

A

Figure 4 Albinet et al.

m
R

N
A

 (
fo

ld
 c

h
a

n
g

e
)

+ COLO829 (Vector)

+ COLO829 (SPHK1)

**

FIBROBLASTS

SPHK1

FIBROBLASTS

S1PR1

S1PR3

!-actin

C
o

n
tr

o
l

+
 C

O
L

O
8
2
9

(V
e
c
to

r)
+
 C

O
L

O
8
2
9

(S
P

H
K

1
)

"-SMA

MMP-9

MMP-13

MMP-2

MMP-1

ERK

FIBROBLASTS (CELLS)

C
o

n
tr

o
l

+
 C

O
L

O
8
2
9

(V
e
c
to

r)
+
 C

O
L

O
8
2
9

(S
P

H
K

1
)

Vimentin

+
 C

O
L

O
8
2
9

(V
e
c
to

r)
+
 C

O
L

O
8
2
9

(S
P

H
K

1
)

[3
H

] 
S

1
P

 (
p

m
o

l/
m

l)

FIBROBLASTS

V
e
c
to

r 8
2
9

) 8
2
9

)

[
H

] 
S

1
P

 (
p

m
o

l/
m

l)

FIBROBLASTS

S
P

H
K

1

*****

Pro-MMP-9
MMP-9
Pro-MMP-2

FIBROBLASTS (MEDIUM)

C
o

n
tr

o
l

+
 C

O
L

O
8
2
9

(V
e
c
to

r)

+
 C

O
L

O
8
2
9

(S
P

H
K

1
)

MMP-2

B

E

S1PR1
S1PR3

SPHK1



Figure 5 Albinet et al.

A

T
u

m
o

r 
v

o
lu

m
e

 (
m

m
3

)

Time (days)

***
**

T
u

m
o

r 
v

o
lu

m
e

 (
m

m
3

)

Time (days)

***
**

**
**

Time (days)

T
u

m
o

r 
v

o
lu

m
e

 (
m

m
3

)

B

*

*
*

*

D

DF (WT)             -     +       -

DF (Sphk1-/-)    -      -      +

B16F10             +     +   +

WT mice

%
 o

f 
m

ic
e

 w
it

h
 m

e
ta

s
ta

s
e

s

C

DF (Sphk1-/-)    -     -    +          -     -    +

Sphk1-/-

T
u

m
o

r 
w

e
ig

h
t

(f
o

ld
 i

n
c

re
a

s
e
)

DF (WT)            -     +    -           -     +    -

C

B16F10             +    +    +          +    +    +

WT

* *

NS

* *

NS

Recipient



Figure S1 Albinet et al.

A

B

S
P

H
K

2
 m

R
N

A

(f
o

ld
 c

h
a

n
g

e
)

S
G

P
P

1
 m

R
N

A

(f
o

ld
 c

h
a

n
g

e
)

G
3
6
1

M
e
l-

J
u

s
o

W
M

-2
6
6
.4

S
K

M
e
l-

2
8

U
A

C
C

-2
5
7

A
3
7
5

W
M

-1
1
5

C
O

L
O

8
2
9

S
K

M
e
l-

3
1

(f
o

ld
 c

h
a

n
g

e
)

0.1

0.01

(f
o

ld
 c

h
a

n
g

e
)

J
u

s
o

-2
6
6
.4

M
e
l-

2
8

C
C

-2
5
7

7
5-1

1
5

L
O

8
2
9

M
e
l-

3
1

0.01

0.1

0.01



C
e

ll
 c

o
u

n
t 

(x
1

0
0

0
)

C
e

ll
 c

o
u

n
t 

(x
1

0
0

0
)

COLO829

TIME (hours)

Figure S2 Albinet et al.



Figure S3 Albinet et al.

m
R

N
A

 (
re

la
ti

v
e

 u
n

it
s

)
m

R
N

A
 (

re
la

ti
v

e
 u

n
it

s
)

SPHK1

MMP-9 MMP-2

S
P

H
K

1
 a

c
ti

v
it

y

(p
m

o
l/

m
g

/m
in

)
m

R
N

A
 (

re
la

ti
v

e
 u

n
it

s
)*

*

DF1 TAF DF2 DF1 TAF DF2 

DF1 TAF DF2 DF1 TAF DF2 

B

C D

A

!-SMA

TAFMEL

Ponceau Red



����������	


�����	


����

������	
	����

��

���������

����

����

���

���

����������

��	����

���������

������������������

�

����

��	��

�	
	����
��

����

����

����

�����

��

���������

����� !
����

��	��

�	
	����
��

Figure S4 Albinet et al.



Albinet et al. Supplemental Data 

Supplemental Materials and Methods 

 

Proliferation assay 

Melanoma cells (4.10
4
) were plated in 24-well plates in medium containing 1% of 

FCS and counted at the indicated time using a Beckman Coulter Z1 particle counter. 

 

Isolation of tumor-associated fibroblasts (TAFs) 

Melanoma tissue samples were rinsed in cold PBS containing 100 U/ml penicillin 

and 100 !g/ml streptomycin. Samples were minced and subjected to overnight 

digestive dissociation using 0.2% collagenase at 37°C. The resultant mixture was 

centrifuged at 200 g for 4 min. Supernatants were passed through 100 !m cell 

strainer (BD Bioscience) before plating. The fibroblast-enriched fraction was cultured 

for up to 3 passages in DMEM containing 10% FCS, 100 U/ml penicillin, 100 !g/ml 

streptomycin and 2 mM L-glutamine at 37°C using a humidified atmosphere and 5% 

CO2. Homogeneity was confirmed by direct microscopic observations, and TAFs 

were characterized for their expression of "-SMA. 
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 Supplemental Figure Legends 

 

Supplemental Figure S1. Expression of SPHK2 and SGPP1 in melanoma cell lines 

(A) SPHK2 and (B) SGPP1 mRNA in human melanoma cell lines were quantified by 

RT-PCR. Data are expressed as fold-change over the levels in adult (NHEM-M2) or 

juvenile (NHEM-B) normal human melanocytes. Data are means±sem of 3 

independent experiments done in duplicate. 

 

Supplemental Figure S2. SPHK1 does not stimulate COLO829 melanoma cell 

proliferation 

COLO829 cells were transfected either with an empty vector or a plasmid encoding 

for SPHK1, and grown for the indicated times in medium containing 1% of FCS. Data 

are expressed as cell counts and are means±sem of 2 independent experiments. 

 

Supplemental Figure S3. Phenotypic features of human tumor-associated 

fibroblasts 

(A) Western blot analysis of "-SMA expression in tumor-associated fibroblasts (TAF) 

as compared to A375 melanoma cells. (B) SPHK1 mRNA level (left) and enzymatic 

activity (right) of TAF as compared to those of normal dermal fibroblasts (DF) from 

two distinct subjects. (C) MMP-9 and (D) MMP-2 mRNA quantified by RT-PCR. Data 

are means±sem of at least 2 independent experiments done in duplicate. 

 

Figure S4. Role of SPHK1/S1P in melanoma-fibroblast interactions 

As compared to normal melanocytes, SPHK1 is upregulated in melanoma cells 

whereas the enzymes responsible for S1P catabolism, S1P phosphatase and S1P 



Albinet et al. Supplemental Data 

lyase, are downregulated. Expression of SPHK1 in melanoma is positively regulated 

by the NRAS/BRAF/MAPK pathway. Co-incubation with melanoma cells or their 

conditioned media leads to increased SPHK1 expression in dermal fibroblasts. This 

is associated with increased expression of fibroblast differentiation markers, such as 

"-SMA, and MMP-2 and -9, and enhanced migration of melanoma cells. Manipulation 

of S1P metabolism in fibroblasts as well as antagonism of S1PR3 influenced 

melanoma cell migration melanoma. This affected the metastatic potential of 

melanoma cells when co-transplanted with dermal fibroblasts into syngenic mice. 
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1. Introduction 

Since the identification in the mid sixties of the enzymatic deficiency underlying Gaucher 

disease, the most prevalent lysosomal storage disease in humans (Brady et al., 1965), a 

number of genetic defects affecting sphingolipid (SL) metabolism have been identified. 

Such inherited disorders are for the vast majority autosomal recessive traits and involve 

the degradation of SLs. However, much more recently genetic disorders of SL 

biosynthesis and trafficking have also been identified. In addition, quite numerous animal 

models harboring a genetic defect in SL metabolism have been described. These include 

both spontaneous and engineered mutant animals of various species. 

This review will focus on genetic defects in mammals (mostly humans and mice) and to 

those that affect the metabolism of simple SLs (i.e., those with a simple substituant at the 

sphingoid base C1, such as hydrogen or phosphate), whose major pathways in 

mammalian cells are depicted in Figure 1. Genetic defects of SL metabolism in yeast 

(Cowart and Obeid, 2007; Dickson, 2008), drosophila (Rao and Acharya, 2008; Kraut, 

2011) and plants (Pata et al., 2010) have recently been reviewed. In addition, review 

articles on the genetic deficiencies of glycosphingolipid metabolism (mostly degradation) 

in humans and mice have recently been published (Sabourdy et al., 2008; Schulze et al., 

2009; Wennekes et al., 2009; Xu et al., 2010). 

Except for one disease, i.e., SPTLC mutations, all these disorders are due to a loss of 

function. In general, two classifications for such genetic defects can be considered. First, 

according to the nature of the metabolic pathway, defects in biosynthesis, catabolism or 

transport can be distinguished. A second classification, based on the nature of the 

metabolic abnormality, will distinguish defects characterized by i) insufficient production 

of one or more SL (for instance, defects in 3-ketosphinganine reductase, ceramide 

synthase or dihydroceramide desaturase), ii) accumulation of one or more undegraded 

SL (for instance, ceramidase deficiency), iii) abnormal trafficking (such as defects in 

CERT and NPC1), and iv) production of an abnormal/toxic metabolite (for example, 

SPTLC mutations). Since for some genetic diseases or conditions presented here the 
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pathogenesis is still unclear, the first mode of classification has been selected. 

 

2. Defects in the biosynthesis of simple sphingolipids 

2.1. Serine-palmitoyltransferases 

Serine-palmitoyltransferase (SPT, [EC 2.3.1.50]) catalyzes the first and rate-limiting step 

in the cellular de novo synthesis of SLs, which is the pyridoxal phosphate-dependent 

condensation of L-serine and palmitoyl-CoA (Figure 1). SPT is a heteromeric enzyme 

composed of the three subunits SPTLC1 (55 kDa), SPTLC2 (65 kDa) and SPTLC3 (63 

kDa). SPTLC1 and SPTLC2 are ubiquitously expressed whereas SPTLC3 shows a more 

tissue-specific distribution with high expression levels in placenta and heart. SPTLC2 and 

SPTLC3 share about 70% homology, including the presence of a pyridoxal phosphate 

binding motif which is absent in SPTLC1. The active SPT complex has a molecular 

weight of 450-480 kDa and was suggested to be an octamer composed of four SPTLC1-

SPTLC2 or SPTLC1-SPTLC3 dimers (Hornemann et al., 2007). However, additional 

putative regulatory components of the SPT complex have been reported recently (Han et 

al., 2009; Breslow et al., 2010). Functional studies revealed that SPTLC2 and SPTLC3 

exhibit differences in respect to their substrate specificity. SPTLC2 primarily metabolizes 

palmitoyl (C16)-CoAs whereas SPTLC3 has a higher activity towards shorter acyl-CoAs, 

such as lauroyl (C12)- and myristoyl (C14)-CoA.  

SPT is essential for development, since homozygosity for SPT deficiency in mice is 

embryonically lethal. Heterozygous Sptlc1 and Sptlc2 knockout mice are viable and show 

a reduced in vitro SPT activity but no reduction in plasma sphingomyelin (SM), total 

cholesterol, phospholipids or liver SM levels (Hojjati et al., 2005). However, Sptlc1+/- 

mice show a reduced intestinal cholesterol absorption (Li, Park, et al., 2009) whereas 

Sptlc2+/- mice have increased insulin sensitivity (Li et al., 2011). Liver-specific Sptlc2-/- 

mice show decreased plasma SM levels and increased hepatic apoE secretion (Li, Li, et 

al., 2009). 
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Various missense mutations in the human SPTLC1 and SPTLC2 genes are causing the 

hereditary sensory and autonomic neuropathy type 1 (HSAN1, OMIM#162400) (Bejaoui 

et al., 2001; Dawkins et al., 2001; Verhoeven et al., 2004) (see Table 1). Thus far, no 

mutation in the SPTLC3 subunit has been associated with HSAN1 (Rotthier et al., 2010). 

HSAN1 is a rare, autosomal and dominant inherited axonal neuropathy with a 

progressive loss of pain and temperature sensation. Sense for vibration and joint position 

is preserved. First symptoms start usually in the lower limbs and then progress further to 

the upper extremities (Houlden et al., 2006). There are frequent positive sensory 

symptoms of severe shooting or burning pain in the limbs and an early but transient 

period of allodynia in some patients. Due to profound sensory impairments, many 

affected individuals develop neuropathic ulcers and Charcot joints requiring amputation. 

This distinguishes HSAN1 from other dominantly inherited sensory neuropathies such as 

Charcot-Marie-Tooth type 2. There is also prominent and often early motor involvement 

in most patients. Autopsy reports from HSAN1 patients show pronounced degeneration 

of dorsal root ganglion cells with depletion of myelinated axons in peripheral nerves. Loss 

of unmyelinated axons is present, but reported to be less severe (Denny-Brown, 1951; 

Reimann et al., 1958; Houlden et al., 2006; Lindahl et al., 2006). To date, six mutations in 

the SPTLC1 (C133W, C133Y, C133R, V144D, S331F and A352V) and four mutations in 

the SPTLC2 (V359M, G382V, T409M and I505F) genes were convincingly associated 

with HSAN1. However, not all reported SPT mutations are causing the disease. The 

G387A mutation (Verhoeven et al., 2004) appears to be a benign variant not associated 

with HSAN1 (Hornemann et al., 2009). 

In vitro enzyme activity of the mutant SPT is generally reduced. This was shown in 

various mutant overexpressing cell lines including transformed lymphocytes from HSAN1 

patients (Bejaoui et al., 2002; Gable et al., 2002; Dedov et al., 2004). However, total SL 

levels were not altered in plasma of HSAN1 patients indicating that haplo-insufficiency is 

not at the base of HSAN1. This was further confirmed in a transgenic mouse model for 

HSAN1. Mice expressing the SPTLC1C133W mutation develop an age-dependent 

peripheral neuropathy with motor and sensory impairments. Although in vitro SPT activity 
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is reduced in these mice, the total plasma SL levels are not decreased (McCampbell et 

al., 2005). A reduced in vitro SPT activity is also seen in heterozygous Sptlc1 and Sptlc2 

knockout mice which do not develop neuropathic symptoms (Hojjati et al., 2005), 

indicating that HSAN1 is not directly caused by haplo-insufficiency. Therefore, the 

reduction in SPT activity is not a sufficient explanation for the pathogenesis of HSAN1. 

In this context, it was shown recently that SPT does not strictly depend on serine as a 

substrate but can also metabolize alanine and glycine to a certain extent (Zitomer et al., 

2009). This leads to the formation of a novel class of 1-deoxysphingolipids (1-deoxySLs). 

The use of alanine and glycine instead of serine results in the formation of the two 

atypical sphingoid bases 1-deoxy-sphinganine (1-deoxySa) and 1-deoxymethyl-

sphinganine (1-deoxymetSa), respectively. Both products lack the C1 hydroxyl group of 

regular sphingoid bases and hence cannot be converted into complex SLs (e.g., 

phospho- and glycosphingolipids) nor degraded by the classical pathway which requires 

the formation of sphingosine 1-phosphate as a catabolic intermediate (Menaldino et al., 

2003). The promiscuous activity of SPT is greatly increased in case of the HSAN1 

mutants resulting in highly elevated 1-deoxySL levels (Penno et al., 2010). This was 

demonstrated not only in HSAN1 mutant overexpressing HEK293 cells, but also in 

transformed lymphocytes and plasma from HSAN1 patients. Significantly elevated 1-

deoxySL levels were also seen in plasma and tissues of the SPTLC1C133W transgenic 

mice (Eichler et al., 2009). In contrast, double transgenic mice which concomitantly 

overexpressed the SPTLC1C133W mutant in conjunction with the wild type SPTLC1 

showed only marginally elevated 1-deoxySL levels and did not develop neurological 

symptoms (Eichler et al., 2009). Highly elevated 1-deoxySL levels were primarily 

detected in the sciatic nerves of HSAN1 mice, but not in the CNS or spinal cord. This fully 

corresponds to the pattern of pathology in HSAN1 patients who do not exhibit any mental 

impairment. Moderately elevated 1-deoxySL levels were also found in testes and to a 

lower extent in liver of these transgenic mice. The 1-deoxySL levels in testes correlated 

with a low sperm count and a significantly reduced fertility in the transgenic mice (Eichler 

et al., 2009). The neurotoxicity of 1-deoxySLs was confirmed in vitro on cultured dorsal 
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root ganglion neurons which showed a dose-dependent reduction of neurite length, 

number and branching in the presence of 1-deoxy-sphingoid bases. This neurotoxic 

effect was more pronounced for 1-deoxySa than for 1-deoxymetSa (Penno et al., 2010). 

Interestingly, the formation of 1-deoxy-sphingoid bases could be specifically modulated 

by the presence of certain amino acids. The addition of alanine or glycine to the culture 

medium of SPTLC1C133W mutant HEK293 cells led to a significant increase of 1-deoxySa 

and 1-deoxymetSa formation whereas the addition of D-amino acids like D-alanine and 

D-serine markedly decreased 1-deoxySL formation. In particular, the addition of the 

canonical substrate L-serine led to a significantly suppressed formation of 1-deoxySLs, 

whereas in parallel the formation of sphinganine was stimulated (Garofalo et al., 2011). 

Thus, L-serine showed a corrective effect on both HSAN1 phenotypes - the reduced 

sphinganine generation and the increased formation of neurotoxic 1-deoxySLs. 

The benefit of L-serine supplementation was further explored in the HSAN1 mouse 

model. Mice receiving an L-serine-enriched diet (10% w/w) showed a significant 

decrease of plasma 1-deoxySL levels within 4-5 days, and these levels remained low 

over the whole feeding period. As a consequence, L-serine-fed HSAN1 mice did not 

develop neurological symptoms whereas age-matched, but normally fed SPTLC1C133W 

mice developed severe neuronal deficits after 6-9 months. In contrast, supplementation 

with L-alanine (10% w/w) led to significantly increased 1-deoxySL plasma levels allied 

with the development of severe neurological deficits in the mice already at an age of 2-3 

months. 

The beneficial effect of oral L-serine supplementation was furthermore confirmed in a 10-

week pilot study with HSAN1 patients. Probands received a total dose of 200 or 400 mg 

L-serine/kg/day divided in three portions. In both groups, L-serine supplementation 

resulted in a significant reduction of plasma 1-deoxySL levels reaching normal levels 

after 5-6 weeks (Garofalo et al., 2011). After termination of the 10-week trial, 1-deoxySL 

plasma levels started to increase. Improvement in neurological symptoms was not 

examined and also not expected within the short time frame of this study. However, some 
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patients reported an increase in sensation (hand tingling, increased menstrual cramps), 

improvements in skin robustness and wound healing, as well as faster nail and body hair 

growth. Based on these results, a simple and inexpensive oral L-serine supplementation 

might be a perspective for a future therapy in HSAN1. 

 

2.2. Ketosphinganine reductase 

Only one condition has been described that leads to markedly reduced activity of the 3-

ketosphinganine reductase, which is characterized by a point mutation discovered in 

cattle, believed to cause autosomal recessive neurodegenerative disease spinal 

muscular atrophy (Krebs et al., 2007). Whereas SL levels have not been determined in 

the tissues of the affected calves, this observation would emphasize the vulnerability of 

(bovine) neuronal cells to either the substrate or products of 3-ketosphinganine 

reductase. Nevertheless, a subsequent study indicated that mutations in the 3-

ketosphinganine reductase do not appear to account for spinal muscular atrophy in 

humans (Parkinson et al., 2008). 

 

2.3. Ceramide synthases 

So far, six mammalian genes encoding bona fide ceramide synthases have been 

characterized (Levy and Futerman, 2010). While no human disease has been reported so 

far to be caused by mutations in the CERS genes, spontaneous or engineered defects in 

the corresponding mouse genes have been recently described (Table 1). In line with the 

predominant expression of Cers1 in brain, mutations in the Cers1 coding region result in 

an ataxic phenotype in mice. On the other hand, disruption of Cers2 leads both to a 

hepatopathy that partially resembles that induced by fumonisin B1, a fungal inhibitor of 

ceramide synthase, and an encephalopathy (see Table 1).  

In these mouse models, the lipid molecules acting as a culprit in the disease 

pathogenesis remain to be identified. Nevertheless, studies of these defects have led to 
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the following conclusions. First, there is no metabolic redundancy between Cers1 or 

Cers2 and other ceramide synthases; at best, the decreased content of some ceramide 

species due to a defective synthase isoform is compensated by an elevation of other 

ceramide species. These observations also corroborate the previously reported substrate 

specificity of this family of enzymes. Second, Cers1 and Cers2 play key distinct tissue-

specific functions that are likely ascribed to specific (or very restricted) molecular 

ceramide species in a given cell type or organ. Third, the substrate (chiefly, sphinganine) 

and/or lipid products of Cers1 and Cers2 play critical roles in liver and brain disease 

development. Whether similar conclusions hold true in other mammals and whether 

comparable diseases in humans are caused by CERS defects is still unknown. 

 

2.4. Dihydroceramide desaturase 

Two genes in mammals (DEGS1 and DEGS2) are involved in the introduction of a double 

bond in the sphingoid moiety to produce ceramides. So far, only ablation of the Degs1 

gene in mice has been described (Holland et al., 2007). Rather simple analyses of SL 

levels in different organs of this animal model indicated that the Degs1 gene product 

plays a major role in desaturing dihydroceramide. While homozygous null mice display a 

complex phenotype that deserves further attention, heterozygous animals were refractory 

to glucocorticoid-induced insulin resistance, which led the authors to conclude about the 

critical function of ceramide in glucose homeostasis and the development of insulin 

resistance. 

 

3. Defects in the degradation of simple sphingolipids 

3.1. Ceramidases 

Ceramidases (CDases) are the enzymes that catalyze the hydrolysis of ceramides to 

form sphingosine and free fatty acids. According to their pH optima of activity, they have 

been classified into acid, neutral and alkaline forms. Five human CDases encoded by five 
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distinct genes have been identified: an acid CDase (ASAH1), a neutral CDase (ASAH2), 

and three alkaline CDases (ACER1/ASAH3, ACER2/ASAH3L and ACER3/APHC) (Mao 

and Obeid, 2008).  

Acid CDase is a ubiquitous lysosomal enzyme whose genetic deficiency causes Farber 

disease (FD, OMIM#228000), also called lipogranulomatosis (Levade et al., 2009). FD is 

a rare inherited lipid storage disorder characterized by accumulation of ceramide in cells 

and tissues of patients. Clinically, FD patients show deformed and painful joints, 

subcutaneous granulomas, hoarseness due to laryngeal involvement, and premature cell 

death (see Table 2). Also, patients may present hepatosplenomegaly and nervous 

system dysfunction (Levade et al., 2009). Currently, besides palliative care, there is no 

treatment for FD. Bone marrow or hematopoietic stem cell transplantations have been 

performed in a few trials in patients without neurological involvement. As a result, only 

partial resolution of the peripheral symptoms has occurred (Vormoor et al., 2004; Ehlert 

et al., 2006). Recently, a preclinical gene therapy study for FD has been carried out 

employing a lentiviral vector coding for acid CDase (Walia et al., 2011). This vector was 

used for transduction and transplantation of primary hematopoietic cells in three 

enzymatically normal non-human primates. An increase of acid CDase activity and a 

reduction of ceramide levels in peripheral blood and bone marrow cells, spleen and liver 

throughout a one-year study period were observed, without compromising the health 

status of the animals. This therapeutic approach appears as a promising strategy for the 

treatment of FD and other monogenic defects in future clinical gene therapy trials.  

Li et al. have disrupted the mouse gene Asah1 in embryonic stem cells by insertional 

mutagenesis to investigate the role of acid CDase in mammalian development (Li et al., 

2002; Eliyahu et al., 2007). Homozygosity for Asah1 disruption resulted in very early 

embryonic lethality suggesting that acid CDase activity is essential for embryo 

development. The heterozygous Asah1+/- mice survived, but quite intriguingly showed 

evidence of a progressive lipid storage disease in their organs.  
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Neutral CDase, encoded by the ASAH2 gene, is highly expressed in the small intestine 

along the brush border, where it is involved in the catabolism of dietary SLs. Kono et al. 

generated neutral CDase-null mice that were viable, healthy and fertile, with no apparent 

gross abnormalities (Kono et al., 2006). This was possibly due to the control of ceramide 

levels by other CDases, such as the acid or alkaline forms. However, increased 

concentrations of C16-ceramide were observed in intestine and feces, suggesting that 

neutral CDase is important for the digestion of dietary ceramides. In contrast, Yoshimura 

et al. (Yoshimura et al., 2004) observed that the knockdown of nCDase in zebrafish 

increased the number of subjects with severe morphological and cellular abnormalities. 

This indicated that in zebrafish and possibly other vertebrates, neutral CDase is essential 

for early development (Yoshimura et al., 2004). 

With respect to the alkaline CDases, no genetic deficiency or knockout studies in animals 

have been reported to date. 

 

3.2. Sphingosine kinases 

Sphingosine kinases (SK) catalyze the synthesis of sphingosine 1-phosphate (S1P) via 

the phosphorylation of sphingoid bases. Two isoforms of mammalian SKs (termed 1 and 

2), encoded by SPHK1 and SPHK2 genes, have been cloned and characterized 

(Kohama et al., 1998; Liu et al., 2000). SK1 localizes predominantly in the cytoplasm but 

upon stimulation can relocate to the inner leaflet of the plasma membrane. Interestingly, 

in endothelial cells SK1 is secreted and able to produce S1P extracellularly (Ancellin et 

al., 2002). Although SK1 and SK2 are expressed in numerous tissues, they show a 

distinct tissue distribution and developmental expression pattern (Liu et al., 2000; Fukuda 

et al., 2003). Indeed, while SK1 is predominantly expressed in lung, spleen and thymus, 

SK2 is highly expressed in liver, heart and kidney. In order to better understand the role 

of SK in mammalian development, deficient mouse models have been generated and 

characterized. Homozygosity for disruption of a single SK isoform leads to viable mice 

that are fertile and display no obvious dysfunctions (Allende et al., 2004). Interestingly, 
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Sphk1-/- mice have reduced S1P levels in serum but not in tissues. Otherwise, S1P 

levels in Sphk2-/- mice differ depending on the model described. Whereas one model, 

produced on a 129/Sv x C57BL/6 mixed background, exhibited a 25% reduction of 

plasma S1P levels (Kharel et al., 2005), another on Balb/c mice did not show a decrease 

but rather an increase as compared to wild-type animals (Zemann et al., 2006). In sharp 

contrast, Sphk1-/- Sphk2-/- double knockout mice, which exhibit strongly reduced levels 

of S1P, die at E13.5 due to severe defects in neurogenesis and angiogenesis (Mizugishi 

et al., 2007). However, the conditional Sphk1-/- Sphk2-/- double knockout mouse model 

generated by Pappu et al. (in which SK expression is abolished at postnatal day 5 in 

hematopoietic and endothelial cells) was viable and showed that plasma S1P is mainly 

hematopoietic in origin. 

Up to now, no mutation in the SPHK genes has been described in human disease. 

Nevertheless, SK and S1P are viewed as critical players in several pathological states, 

such as anaphylaxis, inflammation, cancer, diabetes or atherosclerosis (Fyrst and Saba, 

2010).  

 

3.3. Sphingosine 1-phosphate lyase  

S1P lyase (SPL) is a pyridoxal 5'-phosphate-dependent aldehyde-lyase that irreversibly 

degrades S1P to phosphoethanolamine and hexadecenal in the final step of SL 

catabolism (Bandhuvula and Saba, 2007). By regulating intracellular S1P levels, SPL 

participates to the so-called "sphingolipid rheostat" and has the ability to shift the balance 

towards cell death. While no mutation of the SGPL1 gene has been reported so far to 

cause human disease, its expression appears to be altered in some cancers; SPL also 

plays a critical role in regulating immune functions. Indeed, SPL expression and activity 

were found to be downregulated in human colon cancer tissues and in adenomatous 

lesions of the APCMin/+ mouse model of intestinal tumorigenesis compared to normal 

adjacent tissues (Oskouian et al., 2006). SPL expression has also been shown to be 
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downregulated in human melanoma cell lines compared to normal melanocytes (Colié et 

al., 2009). 

To further investigate the role of SPL in development, knockout and humanized mouse 

models have been recently created. Homozygous Sgpl1 knockout mice die within 8 

weeks after birth and exhibit significant growth failure, vascular abnormalities, anemia, 

skeletal defects, and renal abnormalities (Schmahl et al., 2007). Beyond the reduced 

lifespan, SPL-deficient mice also display lesions in lungs, heart, urinary tract and bone, 

and develop myeloid cell hyperplasia. Lymphopenia due to alterations in lymphocyte 

development and egress from the thymus and secondary lymphoid organs has also been 

reported (Vogel et al., 2009). This phenotype is reminiscent of that caused by FTY720 

(Mandala et al., 2002); in addition, the apoptosis observed in thymus might be mediated 

by increased levels of ceramide in this tissue (Weber et al., 2009). The humanized knock-

in mice generated by the insertion of the human SGPL1 cDNA in the Sgpl1 null 

background resulted in SPL expression at 10–20% of normal mouse SPL levels, yet 

failed to restore normal T-cell development and trafficking (Vogel et al., 2009). In 

summary, these animal models indicate that the absence of SPL leads to significant 

developmental and functional defects. However, whether SGPL1 mutations are 

compatible with life and/or are responsible for human disease remains to be determined.  

4. Defects in transport or trafficking of simple sphingolipids 

4.1. Ceramide transporter (CERT) 

CERT is a cytosolic protein that mediates the ATP-dependent ER-to-Golgi transfer of 

ceramide in a non-vesicular manner. Human CERT is encoded by the COL4A3BP gene 

which was initially isolated in 1999 as the gene for Goodpasture antigen-Binding Protein 

(GPBP) (Raya et al., 1999). Goodpasture’s syndrome is a strictly human disorder caused 

by antibodies directed against the non-collagenous domain of the 3-chain of type IV 

collagen. In 2003, Hanada and coworkers showed that a spliced variant of GPBP which 

lacks a serine-rich domain composed of 26 amino acids was responsible for the cytosolic 
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trafficking of ceramide from the ER to the Golgi apparatus (Hanada et al., 2003). GPBPs 

are phylogenetically highly conserved during evolution between lower vertebrates and 

mammals at the amino acid level.  

CERT was identified in the Chinese Hamster Ovary LY-A cell line that displays a severe 

defect in the synthesis of sphingomyelin (SM). Its reduced level of SM makes this cell line 

resistant to lysenin, a cytolytic toxin derived from the earthworm Eisenia foetida (Hanada 

et al., 2003). CERT is a hydrophilic 68 kDa protein which contains three domains : 

a) the amino terminal region (≈120 aa) forms a pleckstrin homology domain which 

specifically binds to phosphatidylinositol 4-phosphate, mainly distributed to the Golgi 

apparatus. In the mutant LY-A cell line, the PH-domain of CERT has one point mutation, 

G67E, which destroys the phosphoinositide-binding activity, resulting in an impaired ER-

to-Golgi ceramide transport (Levine and Munro, 2002; Hanada et al., 2003). 

b) the middle region (≈250 aa) contains a FFAT (two phenylalanine residues in an acidic 

tract) motif which interacts with vesicule associated-ER proteins (VAPs A and B) and 

targets CERT to ER membranes (Kawano et al., 2006). 

c) the carboxy terminal region (≈230 aa) is a START (steroidogenic acute regulatory 

protein-related protein transfer) domain which forms a deep lipid-binding pocket that 

could extract ceramide from membranes and transfer the bound ceramide to other 

membranes (Kumagai et al., 2005). 

Gene disruption of the corresponding CERT in mice resulted in death around embryonic 

day 11.5. Cells of the mutant embryos (analysed at E10.5) showed a 60% reduction in 

the total SM content and a 2-fold increase in the ceramide content of the ER as 

compared to wild-type controls, leading to an abnormal dilation of the ER and 

degenerating mitochondria, probably affecting organogenesis (Wang et al., 2009). 

Whether mutations in the COL4A3BP gene cause developmental (or other) defects in 

humans has never been reported. 
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4.2. Niemann-Pick C1 (NPC1) 

NPC1 is a 13 trans-membrane domains glycoprotein mainly residing in late endosomes 

(Higgins et al., 1999; Davies and Ioannou, 2000). The gene (NPC1) that encodes this 

protein is located on chromosome 18q11-q12 (Greer et al., 1997). The exact role of 

NPC1 is still unclear but mutations in NPC1 are responsible for a genetic disorder called 

Niemann-Pick disease type C (MIM #257220) (Carstea et al., 1997). About 5% of 

patients affected with this disease carry mutations in the NPC2 gene, encoding a soluble 

lysosomal protein. Niemann-Pick type C is an autosomal recessive lysosomal storage 

disorder characterized by the accumulation of a large variety of lipids in late endosomes 

and lysosomes (Table 3). While unesterified cholesterol and SM accumulate in peripheral 

tissues, brain storage is dominated by GM2 and GM3 gangliosides. Niemann-Pick type C 

is a neurovisceral disease of variable severity (for a review, see (Vanier, 2010) and 

(Patterson et al., 2009)). Disease onset (as well as death) can range from the neonatal 

period to adult age. Progressive neurological impairment occurs in all patients, and may 

manifest as cerebellar ataxia, dysarthria, dysphagia and/or dementia. Visceral 

involvement, mainly splenomegaly and hepatomegaly or, more rarely, neonatal 

cholestasis and respiratory distress, always precedes the neurological disease, but may 

be absent in some patients. 

Two murine, one feline and one canine spontaneous models of Niemann-Pick type C 

have been reported (Morris et al., 1977; Miyawaki et al., 1982; Lowenthal et al., 1990; 

Kuwamura et al., 1993), showing clinical and pathological features quite similar to those 

in humans. Experimental analyses based on both human samples and animal models led 

to the conclusion that a key function of NPC1 is the transport of unesterified cholesterol 

out of the acidic compartments (Liscum and Faust, 1989; Infante et al., 2008; Kwon et al., 

2009). The exact role of NPC1, however, in the metabolism or trafficking of SLs is still 

unsolved. Nonetheless, its involvement in the transport of sphingosine has recently been 

postulated (Lloyd-Evans et al., 2008). Sphingosine is the final product of SL catabolism 

and is known as a bioactive lipid with pro-apoptotic properties. Previous work showed a 
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marked increase in the levels of sphingosine in Niemann-Pick type C tissues (Goldin et 

al., 1992; Rodriguez-Lafrasse et al., 1994). It has recently been proposed that 

sphingosine might be the first lipid accumulating in late endosomes/lysosomes of 

Niemann-Pick type C cells. This storage would affect the late endosome/lysosome 

calcium homeostasis, inducing a global defect in vesicular trafficking and the secondary 

accumulation, in late endosomes, of cholesterol and SLs (Lloyd-Evans et al., 2008). 

Niemann-Pick type C can thus be viewed as a genetic disorder of sphingosine 

metabolism where NPC1 could play the role of the sphingosine transporter. 

Nevertheless, this view has recently been challenged by a work which showed no 

specific sequestration of lysosomal sphingosine in NPC1-deficient cells (Blom et al., 

2012). While there is currently no effective therapy for this disorder, promising results 

have been obtained in affected mice and cats using the cholesterol chelators 

cyclodextrins (Davidson et al., 2009; Liu et al., 2009; Ward et al., 2010). 

 

5. Concluding remarks 

A number of alterations in the genes encoding proteins that control the metabolism of 

simple SLs have already been identified or created. The cell lines derived from the 

human patients or animals bearing these defects, as well as the corresponding mutant 

mice, represent unique models for the study of SL metabolism and functions. Analysis of 

the metabolic and functional consequences of these genetic defects has already 

produced invaluable insights into the physiological role of SLs. Nevertheless, not only 

further gene products which remain very poorly studied (such as ketosphinganine 

reductase, dihydroceramide desaturases, or S1P phosphatases) need to be 

characterized but also more refinements in manipulation of gene expression can be 

introduced to generate animal models that help dissect the functions of SLs and, 

perhaps, replicate reliably various human pathological conditions. 
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Table 1: Mammalian genetic defects of simple sphingolipid biosynthesis. 
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Table 2: Mammalian genetic defects of simple sphingolipid catabolism. 
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Figure legend 

 

Figure 1: Schematic view of the subcellular compartmentalization of sphingolipid 

metabolism. Abbreviations: CDase, ceramidase ; aCDase, acid CDase ; nCDase, neutral 

CDase ; Cer, ceramide ; CerS, ceramide synthase ; Des, desaturase ; DHCer, 

dihydroceramide ; EtP, ethanolamine phosphate ; FA, fatty acid ; GlcCer, 

glucosylceramide ; GSL, glycosphingolipid ; Hal, hexadecenal ; KS, ketosphinganine ; 

KSR, KS reductase ; Sa, sphinganine ; Ser, L-serine ; SK, sphingosine kinase ; SM, 

sphingomyelin ; SMase, sphingomyelinase ; aSMase, acid SMase ; SMS, SM synthase ; 

So, sphingosine ; SPL, S1P lyase ; SPT, serine-palmitoyltransferase ; S1P, sphingosine 

1-phosphate. 
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Abstract

Sphingosine 1-phosphate (S1P) is a bioactive sphingolipid me-

tabolite involved in cancer development through stimulation

of cell survival, proliferation, migration, and angiogenesis. Ir-

reversible degradation of S1P is catalyzed by S1P lyase (SPL).

The human SGPL1 gene that encodes SPL maps to a region

often mutated in cancers. To investigate the effect of SPL de-

ficiency on cell survival and transformation, the susceptibility

to anticancer drugs of fibroblasts generated from SPL-

deficient mouse embryos (Sgpl1−/−) was compared with that

of cells from heterozygous (Sgpl1+/−) or wild-type (Sgpl1+/+)

embryos. First, loss of SPL caused resistance to the toxic

effects of etoposide and doxorubicin. Interestingly, heterozy-

gosity for the Sgpl1 gene resulted in partial resistance to apo-

ptosis. Secondly, doxorubicin-induced apoptotic signaling

was strongly inhibited in Sgpl1−/− cells (phosphatidylserine ex-

ternalization, caspase activation, and cytochrome c release).

This was accompanied by a strong increase in Bcl-2 and Bcl-

xL protein content. Whereas correction of SPL deficiency in

Sgpl1−/− cells led to downregulation of antiapoptotic proteins,

Bcl-2 and Bcl-xL small interfering RNA–mediated knockdown

in SPL-deficient cells resulted in increased sensitivity to doxo-

rubicin, suggesting that Bcl-2 upregulation mediates SPL pro-

tective effects. Moreover, SPL deficiency led to increased cell

proliferation, anchorage-independent cell growth, and forma-

tion of tumors in nude mice. Finally, transcriptomic studies

showed that SPL expression is downregulated in human mel-

anoma cell lines. Thus, by affecting S1P metabolism and the

expression of Bcl-2 members, the loss of SPL enhances cell re-

sistance to anticancer regimens and results in an increased

ability of cells to acquire a transformed phenotype and be-

come malignant. [Cancer Res 2009;69(24):9346–53]

Introduction

Sphingolipids are essential ubiquitous constituents of mem-

branes and, notably, microdomains (1). However, like mediators

derived from glycerophospholipids, sphingolipids are a source of

an important family of bioactive signaling molecules that regulate

numerous physiologic and pathologic processes (2). The impor-

tance of sphingolipids in human health and disease is illustrated

by the dramatic consequences of inherited disruption of their nor-

mal metabolism (3) and also by their involvement as bioeffector

molecules in cancer and hematologic malignancies (4–6). The best

characterized sphingolipid mediators are ceramide and sphingo-

sine 1-phosphate (S1P): whereas ceramide generally transduces

antiproliferative responses, the lysolipid S1P has crucial roles in

cell survival, cell migration, and angiogenesis and as well as im-

mune responses (7).

S1P exerts its effects either through autocrine and paracrine ac-

tions as a ligand for a family of specific G protein–coupled recep-

tors (S1P1-5) as well as by intracellular functions as a second

messenger involved in the control of cell growth and death signal-

ing pathways (8, 9). Both intracellular and circulating levels of S1P

depend on the activity of some membrane transporters and of

three classes of enzymes that control its metabolism. Whereas

sphingosine kinases 1 (SK1) and 2 produce S1P by phosphorylating

sphingosine, two S1P phosphatases dephosphorylate S1P to gener-

ate sphingosine, and S1P lyase (SPL) irreversibly degrades S1P to

phosphoethanolamine and 2-trans hexadecenal (10). The critical

role played by S1P as a “tumor-promoting” agent has been mostly

evidenced through manipulation of the expression and biological

activity of SK1. Indeed, SK1 is overexpressed in multiple types of

cancers and upregulation of SK1 has been associated with tumor

angiogenesis and resistance to radiation and chemotherapy. Con-

versely, pharmacologic or genetic inhibition of SK1 activity in vitro

on different cultured tumor cell models and in vivo on transplanted

animals has been shown to enhance drug-induced lethality (11, 12).

Furthermore, S1P-generating enzyme SK1 acts as an oncogene

because NIH3T3 fibroblasts overexpressing SK1 acquired a trans-

formed phenotype and the capability to form tumors in nude

mice (13).

Of the enzymes involved in determining S1P abundance, SPL re-

presents an undeniable candidate as potential regulator of cell's

fate in response to stress (14). SPL is a microsomal pyridoxal 5′-

phosphate–dependent aldehyde-lyase that catalyzes the irrevers-

ible cleavage of S1P in the final step of sphingolipid catabolism

(15, 16). In mammalian cells, overexpression of SPL was shown

to sensitize cells to apoptotic stress such as serum deprivation

and chemotherapy (17–19). SPL-induced apoptosis requires its en-

zyme activity and can be blocked by addition of exogenous S1P

(17). In contrast, products of the lyase reaction had no effect on

apoptosis. The cytotoxic effect of SPL appears to be dependent

on the activation of proapoptotic signaling pathways involving

Note: Supplementary data for this article are available at Cancer Research Online
(http://cancerres.aacrjournals.org/).

Requests for reprints: Nathalie Andrieu-Abadie, INSERM U858, BP84225, 31432
Toulouse cedex 4, France. Phone: 33-561-32-35-31; Fax: 33-561-32-20-84; E-mail:
nathalie.andrieu@inserm.fr.
©2009 American Association for Cancer Research.
doi:10.1158/0008-5472.CAN-09-2198

9346Cancer Res 2009; 69: (24). December 15, 2009 www.aacrjournals.org

American Association for Cancer Research Copyright © 2009 
 on October 5, 2012cancerres.aacrjournals.orgDownloaded from 

Published OnlineFirst November 24, 2009; DOI:10.1158/0008-5472.CAN-09-2198



p38 mitogen-activated protein kinase, p53, caspase-2, and caspase-3

(19). However, whereas SK1 overexpression was associated with

upregulation of the antiapoptotic protein Bcl-2 (20, 21), the con-

nection between SPL with Bcl-2 family members has never been

investigated.

Interestingly, the SGPL1 gene, which encodes SPL, has been re-

ported to be significantly downregulated in human colon cancer

tissues compared with normal tissues (22). Moreover, the human

SGPL1 gene maps to chromosomal region 10q21 (23), which is de-

leted or mutated in many human tumor types (24–26). Altogether,

these observations suggest that loss of SPL expression might po-

tentiate cancer cell proliferation and contribute to tumorigenesis;

this, however, remains to be demonstrated.

Here, we report that the lack of SPL leads to upregulation of the

antiapoptotic proteins Bcl-2 and Bcl-xL and consequently protects

against apoptosis induced by chemotherapeutic agents but not au-

tophagy. Moreover, SPL-deficient cells isolated from Sgpl1−/−

mouse embryos showed an increase in cell growth rate in culture,

colony formation in soft agar, and tumor progression in nude mice

compared with cells isolated from wild-type embryos. Collectively,

this study suggests that SPL behaves as a tumor suppressor and

may represent a novel target for therapeutic intervention in cancer.

Materials and Methods

Cell culture and genotyping. Sgpl1+/− mice were generated from

OST58278 (27) gene-trapped ES cells, bought from OmniBank, by Lexicon

Genetics on a fee basis, and inbred into a C57BL/6 background as reported

(28).6 Heterozygous mice were mated and murine embryonic fibroblasts

(MEF) were prepared at embryonic day 16 from the skin of wild-type

(Sgpl1+/+), SPL heterozygous (Sgpl1+/−), and SPL-deficient (Sgpl1−/−) embry-

os. By dilution culturing, spontaneously immortalized MEFs were obtained.

Cells were grown in DMEM containing 10% FCS (Invitrogen) at 37°C in 5%

CO2 humidified incubators. Total genomic DNA was extracted and quanti-

fied using the Nanodrop ND-1000. Fragments derived from the β-geo and

Sgpl1 sequences were amplified by duplex PCR using the following primers:

Gal-2s 5′-CgAATACCTgTTCCgTCATAgC, Gal-2r 5′-ACCACTACCATCAT-

CAATCCggTAg, MmSPL-Trap-s 5′-TgATAgggCTgAAAACCACTg, and

MmSPL-Trap-r 5′-TCAgAAgCAAAACTgCCTTg. Amplification was carried

out for 35 cycles using an annealing temperature of 60°C. DNA fragments

were analyzed by electrophoresis on a 1.5% agarose gel.

Vectors and cell transfections. The cDNA encoding mSPL (29) was

amplified by PCR using Phusion polymerase (Finnzymes) and oligonucleo-

tides matching the first and last bases, respectively, of the Sgpl1 sequence

and containing AflII and XhoI restriction sites. The amplification product

was cloned in the pcDNA5/TO vector (Invitrogen) and its sequence was

verified. Then, SPL-deficient cells were transfected with the pcDNA5TO-

mSPL vector using Lipofectamine 2000 (Invitrogen).

Transient interference was achieved by a pool of four small interfering

RNAs (siRNA) specific for SPL, Bcl-2, or Bcl-xL (ON-TARGETplus SMART-

pool; Dharmacon) or aleatory sequence scrambled siRNA. siRNA targeting

SPL or Bcl-2 and Bcl-xL were transfected into wild-type or Sgpl1−/− MEFs,

respectively, grown to 70% to 90% confluence using Lipofectamine 2000.

After 48 h of transfection, doxorubicin was added to the medium and in-

cubated for 24 h before evaluation of cell viability.

Cell viability, flow cytometry, and morphologic analyses. For cyto-

toxicity assays, cells were seeded in flat-bottomed 24-well plates (4 × 105 per

well). After 24 h, the medium was replaced with fresh medium containing 5%

FCS and etoposide or doxorubicin, and cells were incubated at 37°C for dif-

ferent times. Cell viability was assessed using the MTT assay (Euromedex).

Phosphatidylserine externalization was evaluated by flow cytometry

after labeling with Annexin V-FITC (250 ng/mL) and propidium iodide

(12.5 μg/mL; AbCys) using a FACScan (BD Biosciences) cytometer.6 P.P. Van Veldhoven, in preparation.

Figure 1. Disruption of S1P catabolism in SPL-deficient
mouse embryonic fibroblasts. A, schematic view of Sgpl1
gene trap and genotype of wild-type (+/+), heterozygous
(+/-), and SPL-deficient (-/-) cells. Genomic DNA was
extracted and amplified using one set of primers for
wild-type mSPL (499-bp PCR product) and another set of
primers for lacZ (667-bp PCR product). B, Western blot
analysis of mSPL expression in wild-type, heterozygous,
and SPL-deficient MEFs. C, SPL enzyme activity in
MEFs. Mean ± SE of three independent experiments.
D, intracellular concentration of S1P in wild-type and
SPL-deficient MEFs as determined by the conversion of
[3H]sphingosine to [3H]S1P. Levels of radiolabeled S1P are
expressed as mean ± SE of three independent
experiments done in duplicate.
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For analysis of cytochrome c release, cells seeded on glass coverslips at

2 × 104/mL were incubated with doxorubicin, fixed with formaldehyde (4%),

washed with PBS, permeabilized with Triton X-100 (0.1%), and stained with

a monoclonal anti–cytochrome c antibody (BD Pharmingen) and a second-

ary Alexa 488–labeled antibody (Molecular Probes/Invitrogen).

DEVD cleavage enzyme assay. Cell lysates were incubated for 30 min

with Ac-Asp-Glu-Val-Asp-aminomethylcoumarin (Alexis). The amount of

the released fluorescent product was determined fluorometrically at 351

and 430 nm for the excitation and emission wavelengths, respectively. Pro-

tein concentrations were determined according to the Bradford method.

Western blot analyses. Equal amounts of proteins were electrophor-

esed on a 10% to 15% SDS-polyacrylamide gel, transferred to a nitrocellu-

lose membrane (Perkin-Elmer), and blotted with monoclonal anti–caspase-3,

anti–caspase-9, anti–Bcl-xL, polyclonal anti–caspase-7, anti-Bid or polyclonal

anti–poly(ADP-ribose) polymerase, and anti–β-actin antibodies (Cell Signal-

ing Technology). Polyclonal anti-Bax and anti–Bcl-2 antibodies were from BD

Pharmingen. Proteins were detected using an enhanced chemiluminescence

detection system (Pierce). SPL was detected using a rabbit polyclonal anti-

mouse SPL antibody kindly provided by Drs. M. Ikeda and A. Kihara.

SPL assay. SPL enzyme activity was determined on cell lysates using

D-erythro-[4,5-3H]dihydro-S1P (ARC/Isobio) as described (30).

S1P measurements. The amount of cellular S1P was evaluated as re-

ported (31) using D-erythro-[3-3H]sphingosine (0.45 μCi/mL; 1.5 μmol/L;

Perkin-Elmer).

Anchorage-independent growth assay. Six-well plates were precoated

with 2mLDMEM containing 10% FCS and 0.6% agar. DMEM (2mL) contain-

ing 10% FCS, 0.3% agar, and 5,000 cells were overlaid onto the precoated

wells. After 2 weeks' incubation at 37°C in 5% CO2 atmosphere, cell colonies

were visualized by MTT staining (500 μg/mL) and photographed.

Tumor growth (allograft mouse models). Sgpl1+/+ and Sgpl1−/− cells

were trypsinized, washed, and resuspended at 5 × 106/mL in sterile PBS.

One hundred microliters were injected s.c. into the flank of 4-week-old female

nude mice (NMRI-nu; Janvier) and tumors were allowed to develop for up to

40 days. Tumor volumes were calculated as described (32). All experiments

were done in accordance with the principles and guidelines established by

INSERM and were approved by the local animal care and use committee.

Quantitative real-time PCR. Nonconfluent human melanoma cell lines

(American Type Culture Collection) and normal epidermal melanocytes

(derived from adult skin NHEM-M2 or juvenile foreskin NHEM-f; Promo-

Cell) were harvested and RNA was extracted (RNeasy kit; Qiagen) according

to the manufacturer's protocol and treated with DNase (Qiagen). RNA qual-

ity was assessed by automated gel electrophoresis (Experion; Bio-Rad). RNA

(2 μg) was reverse-transcribed (SuperScript II; Invitrogen) and used as a

template for quantitative PCR. The reactions were done in duplicate on

the StepOne instrument (Applied Biosystems) using SYBR Green PCR kit

and primer assay (QuantiTect; Qiagen). The results were quantified using

the system software. mRNA of TBP, TFRC, and β-actin were analyzed for

normalization.

Statistical analyses. Results are expressed as mean ± SE. Student's t test

was used for statistical comparisons among groups and differences were

considered statistically significant when P < 0.05 (*, P < 0.05; **, P < 0.01;

***, P < 0.001).

Figure 2. Resistance of SPL-deficient cells to
anticancer agents. Wild-type, heterozygous, and
SPL-deficient MEFs were incubated for 24 h in
medium containing 5% FCS in the absence or
presence of the indicated concentrations of
etoposide (A) or doxorubicin (B). Alternatively, cells
were incubated for the indicated times in the
absence or presence of 1 μmol/L doxorubicin (C).
Viability was assessed using the MTT test and is
expressed as percentage of the value determined
at the corresponding time in the absence of the
drug. Mean ± SE of four to eight independent
experiments done in triplicate. D, wild-type MEFs
were transfected with control (Ctrl) or SPL targeting
siRNAs. SPL expression was evaluated by
Western blotting (top). After 48 h of transfection
with the siRNA and 24 h treatment with doxorubicin
(1 μmol/L), cell viability was evaluated using the
MTT test. Mean ± SE of three independent
experiments.
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Results

Gene dosage effect of Sgpl1 on cell death induced by chemo-

therapeutic drugs. To address the effect of SPL deficiency on an-
ticancer drug–induced cell death, we first used a genetic approach

by testing mutant MEFs derived from heterozygous (Sgpl1+/−) and

homozygous (Sgpl1−/−) SPL-null mouse embryos. Sgpl1+/− and
Sgpl1−/− cells carry a β-galactosidase-neomycin fusion gene trap

cassette within the second intron of the Sgpl1 gene (Fig. 1A). Only
in these mutant cells bacterial β-galactosidase activity was

measurable (Supplementary Fig. S1). Moreover, Western blot
analysis using an antibody raised against the murine SPL protein

(Fig. 1B) and SPL enzymatic assay (Fig. 1C) confirmed that SPL
expression and activity were decreased in Sgpl1+/− cells and abol-

ished in Sgpl1−/− cells compared with wild-type cells. Disruption
of Sgpl1 gene was accompanied by an intracellular increase of

S1P levels (Fig. 1D; Supplementary Table S1).

The importance of SPL in stress-induced cell death was investi-

gated by treating wild-type and SPL mutant cells with various con-
centrations of etoposide (Fig. 2A) and doxorubicin (Fig. 2B). These

agents led to a dose- and time-dependent reduction in the viability

of Sgpl1+/+ cells (Fig. 2C; Supplementary Fig. S2A). Under all con-
centrations tested, Sgpl1+/− MEFs were significantly less sensitive

to the lethal effects of the drugs than their normal counterparts,
whereas Sgpl1−/− MEFs were highly resistant. Interestingly, the

chemoresistance of heterozygous and homozygous cells was also
observed in primary MEFs (Supplementary Fig. S3) as well as

SV40-transformed MEFs (data not shown). Furthermore, nuclear
condensation observed in doxorubicin-treated Sgpl1+/+ cells by fluo-

rescence microscopy was reduced in Sgpl1+/− and completely abol-
ished in Sgpl1−/− cells (Supplementary Fig. S2B). Finally, Sgpl1+/+

MEFs transfected with a siRNA targeting SPL, which reduced SPL

protein content by ∼50%, became partially resistant to doxorubicin

(Fig. 2D). Similar observations were made on NIH3T3 fibroblasts
treated with mSPL siRNA (data not shown). These data point to a

strong correlation between SPL expression and cell sensitivity to
chemotherapy.

SPL is required for apoptosis induced by doxorubicin. To

substantiate the importance of SPL in anticancer drug–induced

cell death, the apoptotic cascade activated by doxorubicin in

Sgpl1−/− cells was analyzed. Of note, intracellular uptake of

doxorubicin, analyzed by fluorometry, was similar in Sgpl1+/+

and Sgpl1−/− cells (data not shown but illustrated in Fig. 3D by

the red fluorescence of the nuclei). In wild-type but not in SPL-

deficient cells, doxorubicin led to an increased proportion of

Annexin V–positive and propidium iodide–negative cells, cells with

externalized phosphatidylserine (Fig. 3A). These results are consis-

tent with the absence of morphologic alterations such as nuclear

condensation observed in mutant cells compared with control cells

(Supplementary Fig. S2B) and suggest that apoptosis is impaired in

SPL-deficient cells.

To test whether caspase activation was altered in SPL mutant

cells upon doxorubicin treatment, we analyzed caspase activity

by measuring cleavage of the fluorogenic tetrapeptide substrate

Ac-Asp-Glu-Val-Asp-aminomethylcoumarin. Caspase activity

(Fig. 3B) and processing of caspase-3 and caspase-7 as well as

the cleavage of caspase-9 and the caspase substrate poly(ADP-

ribose) polymerase (Fig. 3C) were strongly impaired in SPL-

deficient cells following doxorubicin treatment. As shown in

Fig. 3D, translocation of cytochrome c from mitochondria to the

cytosol was also blocked in Sgpl1−/− cells, showing the involvement

of SPL in the apoptotic cascade initiated by doxorubicin with a site

of action likely lying upstream of mitochondria.

Figure 3. Doxorubicin-induced apoptosis
is impaired in SPL-deficient cells. A,
wild-type and SPL-deficient cells were
incubated for 16 h in medium containing
5% FCS in the absence or presence of
doxorubicin (1 μmol/L). Cells were labeled
with Annexin V-FITC and propidium iodide
and analyzed by flow cytometry.
Percentages (mean ± SE of three inde-
pendent experiments) of propidium
iodide–negative/Annexin V–positive cells
are indicated. B and C, wild-type and
SPL-deficient cells were incubated with
doxorubicin (1 μmol/L) for the indicated
times. B, effector caspase (DEVDase)
activity was measured (mean ± SE of four
independent experiments). C, cell lysates
(30 μg protein) were subjected to
SDS-PAGE and Western blotted with
anti–caspase-9, caspase-7, caspase-3,
poly(ADP-ribose) polymerase (PARP), and
β-actin antibodies. Representative of at
least three independent experiments. D,
wild-type and SPL-deficient MEFs grown
on glass coverslips were incubated for 8 h
in the absence or presence of doxorubicin
(1 μmol/L) and then stained using
anti–cytochrome c antibody. The red
staining corresponds to the fluorescence
emitted by doxorubicin.

Loss of S1P Lyase Upregulates Bcl-2

9349 Cancer Res 2009; 69: (24). December 15, 2009www.aacrjournals.org

American Association for Cancer Research Copyright © 2009 
 on October 5, 2012cancerres.aacrjournals.orgDownloaded from 

Published OnlineFirst November 24, 2009; DOI:10.1158/0008-5472.CAN-09-2198



Autophagy is not altered in Sgpl1−/− cells. As the increase of

S1P levels after SK1 overexpression was shown to stimulate autop-

hagy and to protect cells from apoptotic death during nutrient

starvation (33), we examined the effect of SPL deficiency on this

phenomenon. As illustrated in Supplementary Fig. S4, starvation-

induced apoptosis was reduced in Sgpl1−/− compared with Sgpl1+/+

cells. However, autophagy, monitored by measuring proteolysis of

long-lived proteins, formation of LC3-II or LC3 translocation from

the cytosol to aggregates into autophagic vacuoles, which are

prerequisites for autophagosome formation and are regarded as

autophagy markers (34, 35), was similar in wild-type and mutant

cells. These data suggest that, under nutrient starvation, the resis-

tance of SPL-deficient cells to apoptosis is not associated with al-

terations in autophagy.

Upregulation of the expression of antiapoptotic Bcl-2 family

members contributes to the chemoresistance of SPL-deficient

cells. Overexpression of prosurvival Bcl-2 proteins occurs in nu-

merous tumors and correlates with resistance to antineoplastic

drugs (36). To determine whether resistance to doxorubicin of

SPL-deficient cells was accompanied with an alteration of the

balance between proapoptotic and antiapoptotic members of the

Bcl-2 family, the expression pattern of these proteins was investi-

gated. A comparative Western blot analysis revealed that Sgpl1−/−

cells displayed higher levels of both Bcl-2 and Bcl-xL than Sgpl1+/+

cells, whereas Bid and Bax were not modified, indicating a possible

contribution of Bcl-2 antiapoptotic members to the chemoresis-

tance of SPL-deficient cells (Fig. 4A; Supplementary Fig. S3C). To

test the latter hypothesis, we investigated the expression of Bcl-2

and Bcl-xL in Sgpl1−/− cells transiently transfected with a cDNA en-

coding mSPL. As shown in Fig. 4B, SPL-corrected Sgpl1−/− cells dis-

played lower levels of both Bcl-2 and Bcl-xL than mutant cells

transiently transfected with an empty vector. We next employed

a knockdown approach to deplete Bcl-2 and Bcl-xL either individ-

ually or in combination in Sgpl1−/− cells. Effective downregulation

of the target protein Bcl-2 or Bcl-xL was confirmed by Western

blot analysis (Fig. 4C). Sgpl1−/− cells transfected with both Bcl-2

and Bcl-xL siRNA displayed enhanced sensitivity to doxorubicin

compared with their control counterparts (Fig. 4D). Collectively,

these data point to a tight regulation between the expression of

Bcl-2 antiapoptotic proteins and SPL in the control of sensitivity

to chemotherapeutic drugs.

Lack of SPL expression leads to increased cell proliferation

in vitro and oncogenesis in vivo. The S1P-generating enzyme SK1

behaves as an oncogene when overexpressed in nontransformed

NIH3T3 fibroblasts (13). To investigate the effect of S1P-degrading

SPL on cell transformation, we analyzed the growth properties of

Sgpl1−/− and Sgpl1+/+ cells. We found that, in serum-free medium or

in the presence of 1% serum, SPL-deficient cells exhibited higher

rates of proliferation than their wild-type counterparts. In S1P-con-

taining medium, full serum, both cell lines grew at identical rates

(Fig. 5A). However, using the scratch wound closure assay, we ob-

served that cell migration was not altered in SPL-deficient cells

(data not shown). We then tested whether increased growth of

Sgpl1−/− cells was accompanied by the ability to form colonies in

Figure 4. Overexpression of Bcl-2 and
Bcl-xL in SPL-deficient cells. A, wild-type
and SPL-deficient MEFs were incubated
with doxorubicin (1 μmol/L) for the indicated
times. Cell lysates (30 μg protein) were
electrophoresed to SDS-PAGE and blotted
with anti-Bid, anti–Bcl-2, anti–Bcl-xL,
anti-Bax, and anti–β-actin antibodies.
Representative of at least three
independent experiments. B, Bcl-2 and
Bcl-xL expression was determined in
SPL-deficient cells transiently transfected
with either 8 μg of an empty vector
(pcDNA5TO) or a vector containing the
mSPL cDNA (pcDNA5TO-mSPL). After
48 h incubation, cell lysates were analyzed
by Western blot with anti-SPL, anti–Bcl-2,
and anti–Bcl-xL antibodies. C and D,
SPL-deficient cells were transfected with a
control siRNA or siRNA targeting Bcl-2,
Bcl-xL, or both. C, Bcl-2 and Bcl-xL levels
were evaluated by Western blotting. D,
after 48 h of transfection with the siRNA,
cells were treated with doxorubicin
(1 μmol/L) for 24 h. Viability was evaluated
using the MTT test. Mean ± SE of three
independent experiments.
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soft agar. As illustrated in Fig. 5B and Supplementary Table S2,

SPL-deficient cells gave rise to numerous colonies, whereas wild-

type cells showed much less anchorage-independent growth. To

evaluate the in vivo transforming properties of SPL, we tested

the ability of Sgpl1+/+ and Sgpl1−/− cells to grow in immunocompro-

mised mice. When injected s.c. in female athymic nude mice, SPL-

deficient cells induced rapidly growing tumors at the site of

inoculation within 15 days, whereas mice grafted with Sgpl1+/+ cells

did not develop tumors even 40 days postgraft (Fig. 5C). In all

tumor-bearing mice sacrificed after 40 days, the bacterial β-galac-

tosidase carried in the gene trap was fully active (Supplementary

Fig. S5A). Histologic analysis showed that all tumors presented high

cellularity and consisted of spindle cells, some with atypical nuclei,

forming fascicles highly suggestive of a fibrosarcoma (Supplemen-

tary Fig. S5B). Altogether, these data indicate that expression of a

functional SPL is required for inhibition of tumorigenesis.

Downregulation of SPL expression in melanoma cells. Mam-

malian genes frequently present allelic variants that differ in their

expression levels and that, in the case of tumor suppressor genes,

can be of relevance for cancer susceptibility. Because the human

Figure 5. Increased growth, colony, and
tumor formation of SPL-deficient cells.
A, wild-type and SPL-deficient cells were
seeded in 24-well plates at 3 × 104/mL.
After 16 h (time 0), the medium was
removed and replaced by fresh medium
containing 5%, 1%, or 0% FCS, and cells
were further incubated for the indicated
times. MTT assay was used to monitor
growth. Representative of at least three
independent experiments done in triplicate.
B, wild-type and SPL-deficient cells were
cultured on soft agar and fed with medium
containing 10% FCS. Colonies were
stained with MTT and photographed after
2 wk of incubation. C, wild-type and
SPL-deficient cells were injected s.c. into
nude mice (12 per group) and tumor growth
was monitored regularly for 40 d.

Figure 6. SGPL1 expression in
melanoma. SGPL1 mRNA levels in human
melanoma cell lines were quantified by
real-time quantitative PCR. Data are mRNA
fold change compared with adult
(NHEM-M2) or juvenile (NHEM-f) normal
human melanocytes. Mean ± SE of two
independent experiments done in
duplicate.
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SGPL1 gene maps to chromosomal 10q21 and that alteration of

chromosome 10 is common in human cancers including melano-

ma (37), we evaluated the expression of SPL in a series of invasive

or metastatic melanoma cells and compared with that of melano-

cytes derived from healthy individuals. As shown in Fig. 6, SGPL1

expression was significantly reduced in most melanoma cell lines

tested, suggesting that this gene is downregulated during melano-

ma tumorigenesis.

Discussion

S1P is considered as a tumor-promoting agent for its role in the

regulation of cancer cell growth, survival, adhesion, migration,

metastatic potential, and angiogenesis (2, 7). Several antitumoral

therapeutic approaches targeting S1P formation and signaling

have been developed including the synthesis of sphingosine kinase

inhibitors (38), the targeting of S1P receptors with the immunosup-

pressant FTY720 (39), and the use of an anti-S1P antibody (40). By

controlling S1P catabolism, SPL emerges as a novel target in the

generation of sphingolipid-based therapeutics (14).

Analysis of SPL-deficient genetic models revealed that SPL is

crucial for mammalian survival because SPL knockout mice dis-

played severe lymphopenia and developed myeloid cell hyperplasia

and also significant lesions in several nonlymphoid organs (28, 41).

Here, using fibroblasts generated from SPL-deficient mouse embry-

os, we show that complete loss of SPL activity confers resistance to

apoptosis in response to chemotherapeutic agents. Of particular

interest was the finding that a gene dosage effect exists in the sen-

sitivity to anticancer drugs because the loss of a single SPL allele

(as seen in heterozygous cells) resulted in partial resistance to gen-

otoxic stress. This observation was corroborated by the fact that

siRNA-mediated knockdown of SPL in control fibroblasts also led

to a partial resistance to doxorubicin-induced cell death. SPL defi-

ciency blocked apoptotic events such as the cleavage of effector

caspases and the caspase substrate poly(ADP-ribose) polymerase

in accordance with data showing that caspase-3 activity was in-

creased in SPL-overexpressing cells (17, 19). Moreover, we found

that the release of mitochondrial cytochrome c into the cytosol

and the cleavage of initiator caspase-9 were impaired in Sgpl1−/−

cells, suggesting that SPL likely acts upstream of mitochondria

and triggers the intrinsic apoptotic pathway.

Several Bcl-2 family proteins insert into mitochondrial mem-

branes operating as guardians of these organelles (42). Here, we

show that whereas loss of SPL activity contributes to upregulation

of the oncoproteins Bcl-2 and Bcl-xL but not Bax and Bid, its res-

toration in SPL-deficient cells was able to diminish their expres-

sion. Moreover, double knockdown of Bcl-2 and its homologue

Bcl-xL could sensibilize Sgpl1−/− cells to the cytotoxic effect of

doxorubicin. These findings identify SPL as an upstream regulator

of the oncoproteins Bcl-2 and Bcl-xL that control the mitochondri-

al cell death pathway. They are consistent with the notion that S1P

metabolism is tightly connected to the expression of Bcl-2 mem-

bers. Indeed, whereas the prosurvival effect of S1P-generating en-

zyme SK1 has been associated with upregulation of antiapoptotic

Bcl-2 proteins (21, 43), its pharmacologic inhibition resulted in

cleavage of Bcl-2, a response linked to mitochondria-dependent

apoptosis (38).

Bcl-2-family proteins are also capable of regulating macroauto-

phagy by interacting with the autophagy protein Beclin 1 (44). In

Sgpl1−/− cells, neither the expression of Beclin-1 (data not shown)

nor nutrient starvation-induced autophagy were altered. These re-

sults suggest that Bcl-2 overexpression does not blunt the autop-

hagic response in Sgpl1−/− cells and that autophagy cannot account

for the resistance of Sgpl1−/− cells to starvation-induced apoptosis.

All antiapoptotic Bcl-2 family members are oncoproteins and

the oncogenic potential of Bcl-2 was first illustrated through its

transcriptional deregulation in human follicular lymphoma (45).

However, although high levels of Bcl-2 or Bcl-xL are often associ-

ated with a more aggressive malignant phenotype and mice bear-

ing a modified Bcl-2 transgene develop spontaneous lymphoid

tumors, Bcl-2 overexpression on its own is not highly oncogenic

but requires synergistic pretumorigenic lesions to increase the like-

lihood of malignancy (46). The present study provides evidence

that combined effects of SPL loss and Bcl-2 overexpression in

Sgpl1−/− immortalized cells contribute to their ability to form col-

onies in soft agar and to generate solid tumors when implanted

into nude mice. SPL expression may also repress cellular transfor-

mation and antagonize the oncogenic effect of the S1P-generating

enzyme SK1 (13). However, whether loss of SPL affects the expres-

sion of other oncoproteins cannot be excluded. For instance, it

has been shown that SPL promotes apoptosis via a p53-depen-

dent pathway (19). The tumor suppressor p53 has been also as-

sociated to Bcl-2 because it could inactivate its antiapoptotic

functions by promoting its phosphorylation (47). Moreover, p53

is inactivated in many cancers mostly through missense muta-

tions that result in the abrogation of its activity and the acquisi-

tion of oncogenic functions (48).

S1P metabolism has also been linked to the oncogenic Ras-

mediated transformation because the S1P-generating enzyme SK1

was activated in NIH3T3 cells transfected with an active mutant of

Ras, whereas the transforming ability of Ras was inhibited in cells

cotransfected with a dominant-negative mutant of SK1 (13). Inter-

estingly, activation of the Ras pathway resulted in the rapid upregu-

lation of Bcl-2 and Bcl-xL (49), and Bcl-2 and Rasmutant cooperated

to give rise tomalignant disease (50). Future studies are necessary to

determine whether SPL loss and Bcl-2 overexpression are causally

related to the Ras pathway or the expression of other oncogenes.

Our data show that reduced SPL activity results in both resis-

tance to apoptosis and oncogenesis, suggesting that SPL could re-

strict tumor development. The reduced expression of SPL in solid

cancers would go along such a tumor suppressor role. Indeed, we

observed that SGPL1 expression is downregulated in human

melanoma. This finding is consistent with the diminished SPL ex-

pression reported on human colorectal carcinomas (19). A more

in-depth analysis of the molecular mechanisms that regulate SPL

expression and its effects are required to better understand its

role in S1P-mediated oncogenesis.
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ABSTRACT Glycosphingolipids, which are abundant
at the surface of melanoma cells, play crucial roles in
tumor progression. We investigated whether a newly
described glycosphingolipid hydrolase, encoded by the
GBA2 gene, can modulate human melanoma cell growth
and death. GBA2 expression was quantified on mela-
noma cells by RT-qPCR. The antiproliferative effects
of GBA2 were assessed in tumor cells expressing induc-
ible GBA2 and in established melanoma xenografts. As
a control an inducible catalytically inactive GBA2 mu-
tant was generated. Sphingolipid levels were monitored
by mass spectrometry; unfolded protein response
(UPR) and apoptosis were assessed by Western blot
and flow cytometry analyses, respectively. We report
that GBA2 is down-regulated in melanoma; inducible
expression of GBA2 affects endogenous sphingolipid
metabolism by promoting glucosylceramide degrada-
tion (decrease by 78%) and ceramide generation; this is
followed by a UPR that causes apoptosis, subsequent
decreased anchorage-independent cell growth, and re-
duced in vivo tumor growth (by 40%); and all these
events are abrogated when expressing a catalytically
inactive GBA2. This study documents for the first time
the antitumor activity of GBA2 and provides evidence
for the role of nonlysosomal glucosylceramide break-
down as a source of bioactive ceramide and a mecha-
nistic link between glycolipid catabolism and the UPR/
death response of melanoma cells.—Sorli, S.-C., Colié,
S., Albinet, V., Dubrac, A., Touriol, C., Guilbaud, N.,
Bedia, C., Fabriàs, G., Casas, J., Ségui, B., Levade, T.,

Andrieu-Abadie, N. The nonlysosomal b-glucosidase
GBA2 promotes endoplasmic reticulum stress and im-
pairs tumorigenicity of human melanoma cells.
FASEB J. 27, 000–000 (2013). www.fasebj.org

Key Words: glycosylceramidase z unfolded protein response z

cancer cell death z glucosylceramide

Sphingolipids (SLs), which are essential compo-
nents of the plasma membrane of eukaryotic cells, lie
in a key position to modulate the pathways of trans-
membrane signaling and allow the cell to adapt to
environmental stresses (1). In solid cancers and
hematologic malignancies, ceramide has attracted a
particular interest because it behaves as an antipro-
liferative and proapoptotic SL metabolite (2, 3). By
facilitating elimination of tumor cells through in-
creased sensitivity to conventional treatments and/or
by overcoming their resistance, manipulation of cer-
amide levels has thus emerged as a potential tool in
the anticancer arsenal (2–4).

However, the conversion of ceramide to various SLs,
including sphingosine 1-phosphate, sphingomyelin,
and glycosphingolipids (GSLs), can modulate or coun-
teract the cytotoxic signal induced by ceramide itself
(4). A well-documented example is the conversion of
ceramide to glucosylceramide (GlcCer), catalyzed by
GlcCer synthase (GCS) on the cytosolic face of the
Golgi apparatus (5). Indeed, enhanced glucosylation of
ceramide contributes to the multidrug resistance phe-
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notype in numerous human cancer cells (6, 7). Accord-
ingly, as compared to their drug-sensitive counterparts,
chemotherapeutic drug-resistant cancer cell lines accu-
mulate GlcCer (8). The resistance can be reversed by
inhibiting GlcCer synthesis with GCS antisense oligonu-
cleotides (9) or by using structural analogs of GlcCer,
such as P-drugs (10). Furthermore, GlcCer is the pre-
cursor for plasma membrane-located sialic acid-con-
taining GSLs, known as gangliosides, which are critical
players in tumor progression by controlling cancer cell
growth, adhesion, and motility (11) as well as epithelial-
mesenchymal transition (12). Interestingly, in mela-
noma cells, inhibition of GlcCer synthesis by iminosug-
ars led to delayed tumor development (13). Similarly,
pharmacologic depletion of GSLs in melanoma cells
was associated with poor tumorigenic capacity when
injected into mice (14). The same observation was
reported for MB4 murine melanoma cells transfected
with antisense targeting GCS (15). Several gangliosides
are highly expressed at the surface of human mela-
noma cells and have been suggested as tumor-specific
markers for melanic tumors and as targets for immu-
notherapy (16). Altogether, these findings suggest that
limiting the synthesis of GlcCer or conversely promot-
ing its degradation to accumulate proapoptotic cer-
amide could be a promising therapeutic approach to
halt melanoma progression.

The main catabolic pathway for GlcCer takes place in
the lysosomes, where acid b-glucosidase 1 (GBA1), also
called lysosomal glucosylceramidase, catalyzes the cleav-
age of the b-glucosyl linkage between ceramide and
glucose. GBA1 activity is deficient in Gaucher disease
(GD), the most common inherited lysosomal storage
disorder, characterized by GlcCer accumulation in ly-
sosomes of laden tissue macrophages (17). However, as
GlcCer storage is not observed in other cell types, the
existence of some alternative pathway for GlcCer catab-
olism has been speculated (18). Two nonlysosomal
b-glucosidases, termed GBA2 (19) and GBA3, also
known as Klotho-related protein (20), have been iden-
tified. Whereas mRNA expression of the latter is down-
regulated in renal cell carcinoma tissues compared to
nontumor regions (21), the expression and role of
GBA2 in tumor cell growth have never been studied.

GBA2 was described as a membrane-bound enzyme
located in the endoplasmic reticulum (ER; ref. 22) but
also at or close to the cell surface (19) that cleaves the
b-glucose-sphingosine linkage present in GlcCer. While
GBA2 deficiency in mice resulted in impaired sper-
matogenesis associated with GlcCer accumulation in
the ER (22), no disorder related to defective GBA2 has
been described so far in humans.

To assess the yet undetermined role of GBA2 on
melanoma growth, we performed transcriptomic stud-
ies on various human melanoma cell lines from invasive
and metastatic stages. Here we report a lower expres-
sion of GBA2 in melanoma cancer cells as compared
with normal melanocytes. Then we show that expres-
sion of active GBA2 in tumor cells leads to increased
levels of ceramide, ER-specific unfolded protein re-

sponse (UPR), apoptosis, and impaired melanoma
growth. Our findings demonstrate that the catabolism
of GlcCer into ceramide by the nonlysosomal b-gluco-
sidase GBA2 may represent a novel approach for ther-
apeutic intervention in melanoma.

MATERIALS AND METHODS

Preparation of plasmid DNA and cell transfection

The whole coding sequence of human GBA2 cDNA was
amplified by a 2-step PCR strategy using Phusion DNA
polymerase (Finnzymes, Espoo, Finland), cDNA from normal
human cells as template, and primers containing appropriate
restriction sites and hemagglutinin (HA)-tag coding se-
quence (sense 5=-ggaattccgccatcgaggtcatggg and antisense
5=-gcggccgctcaagcgtaatctggaacatcgtatgggtactctgggct). The amplifi-
cation product was cloned into the pcDNA5/TO vector (In-
vitrogen, Cergy Pontoise, France). The pcDNA5/TO-hGBA2
plasmid was mutated using the QuickChange II Site-Directed
Mutagenesis Kit (Stratagene, Massy, France) with the primers
5=-cgatttggctaccttcagggccaggagta and 5=-gtactcctggccctgaagg-
tagccaaatcg to introduce the E527Q mutation. All constructs
were validated by sequencing. pcDNA6/TR plasmid (Invitro-
gen) was transfected into A375 cells using Lipofectamine
2000 (Invitrogen). Stable transfectants were selected for their
resistance to 250 mg/ml hygromycin B before transfection
with wild-type (wt) or mutated pcDNA5/TO-hGBA2 con-
struct. A375-GBA2 clones were then selected using 3 mg/ml
blasticidin.

Cell culture

Human melanoma cell lines were grown either in RPMI
(COLO-829, G361, MEL-JUSO, UACC-257, WM-115 and WM-
266.4) or DMEM (A375, IC8, SK-MEL28, and SK-MEL31)
supplemented with 10% heat-inactivated fetal calf serum
(FCS) in the presence of 5% CO2 in a humidified atmosphere
at 37°C. A375, SK-MEL28, SK-MEL31, WM-115 and WM-266.4
cells were obtained from American Type Culture Collection
(LGC, Molsheim, France). COLO-829 cells were a gift from
Prof. R. Marais (University of Manchester, Manchester, UK).
G361, MEL-JUSO, and UACC-257 cell lines were from Pierre
Fabre Laboratories (Toulouse, France), and IC8 cells were
from Dr. J. Portoukalian (University of Lyon 1, Lyon, France).

Quantitative RT-PCR

Total RNA was extracted from nonconfluent human mela-
noma cell lines or normal epidermal melanocytes derived
from adult skin NHEM-M2 or juvenile foreskin NHEM-B
(PromoCell, Heidelberg, Germany), and quantitative RT-
PCR was performed in triplicate as reported (23). GBA2
mRNA expression was analyzed after normalization to that of
TBP, TFRC, and b-actin genes and using the DDCt compara-
tive method. For ASNS, ATF4, ATF5, BIP, CHOP, DNAJB9,
EDEM, GADD34, and HERP mRNA quantification, primer
sequences are described in Supplemental Material.

Analysis of XBP-1 mRNA splicing

Total RNA from A375-GBA2 cells was isolated with Trizol
reagent (Invitrogen) for RT-PCR analysis. Primers spanning
the XBP-1 splice junction (forward 5=-ctggaacagcaagtggtaga
and reverse 5=-ctcctccaggctggcagg) were used to amplify un-
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spliced and spliced mRNA. PCR products were separated by
electrophoresis on 4% agarose gel and visualized by SybrGreen
staining (Invitrogen).

siRNA transfections

Transient interference was achieved by a pool of 4 siRNAs
specific for ATF6, inositol-requiring enzyme 1a (IRE1a), or
PKR-like ER kinase (PERK; ON-TARGETplus SMARTpool;
Dharmacon; Thermo Fisher, Brebières, France) or aleatory
sequence scrambled siRNA. siRNAs were transfected alone or
in combination into A375-GBA2 cells using Interferin
(Polyplus Transfection, Illkirch, France) as described by the
manufacturer. After 24 h of transfection, 1 mg/ml doxycy-
cline was added to the medium, and cells were incubated for
48 h before evaluation of caspase activity.

Immunofluorescence microscopy

A375-GBA2 cells were seeded on glass coverslips at a density
of 3 3 104 cells/cm2. After a 48 h incubation in the presence
or absence of 1 mg/ml doxycycline, cells were fixed with 4%
paraformaldehyde in PBS, washed, and permeabilized using
0.1% Triton X-100. Unspecific sites were saturated with 10%
FCS, and probing with 10 mg/ml anti-HA (Cell Signaling
Technology; Ozyme, Saint-Quentin Fallavier, France) or 1
mg/ml anti-GBA2 (Sigma, L’isle-d’Abeau, France) antibody
was performed. HA and GBA2 expression were visualized by
Alexa Fluor 488 goat anti-mouse IgG (1:250) and Alexa Fluor
546 goat anti-rabbit IgG (1:500), respectively. Coverslips were
mounted using Prolong Gold AntiFade reagent (Invitrogen),
and cells were examined using a fluorescence-equipped
Olympus microscope (Olympus, Tokyo, Japan).

GBA2 enzymatic assay

Prior to assay, GBA1 was inhibited or not by incubating cells
or tumor lysates with 1 mM conduritol B epoxide (CBE;
Calbiochem, San Diego, CA, USA) at 4°C for 30 min. GBA2
enzymatic activity was then determined using an artificial
fluorogenic substrate (19).

In situ GBA2 activity

Melanoma cells were seeded at a density of 2.5 3 104

cells/cm2 in DMEM containing 5% FCS supplemented or not
with 1 mg/ml doxycycline for 48h. Prior to assay, the medium
was replaced by serum-free medium, and GBA1 activity was
inhibited by a 30 min-incubation with 1 mM CBE. Cells were
then incubated for 2 h at 37°C with 2 mM C6-nitrobenzox-
adiazole (NBD)-GlcCer (Sigma) solubilized in ethanol. The
reaction was stopped by scraping and harvesting the cells.
Lipids were extracted, resolved by analytical thin-layer chro-
matography, and quantified (19).

Mass spectrometric analysis of lipids

SLs were quantified by ultraperformance liquid chromatog-
raphy, coupled to high-resolution electrospray ionization
time-of-flight mass spectrometry (UPLC-TOF; Waters, Mil-
ford, MA, USA; ref 24).

Cytotoxicity and caspase assays and flow cytometry analyses

The viability of cells seeded at a density of 3 3 104 cells/cm2,
in medium containing hygromycin B, blasticidin, and 1%
FCS, supplemented or not with 1 mg/ml doxycycline, was

assessed using the tetrazolium-based 3-(4,5-dimethylthiazolyl-
2)-2,5-diphenyltetrazolium bromide (MTT) assay (23).

After stimulation with 1 mg/ml doxycycline for 48 h,
caspase-3/7 activity was measured with a homogeneous lumi-
nescent assay (Caspase-Glo; Promega, Charbonnières-les-
Bains, France). The luminescence signal was normalized to
absolute cell numbers that were counted in parallel using the
CellTiter 96 AQueous One Solution cell proliferation assay
(Promega).

To monitor hypodiploidy, cells seeded as above were
permeabilized in 70% ethanol overnight at 220°C, treated
for 30 min at 37°C with 1 mg/ml RNase (Invitrogen), and
DNA was stained using 0.1 mg/ml of propidium iodide (PI).
DNA content was quantified by flow cytometry. Phosphatidyl-
serine externalization was studied by staining the cells with
annexin V-fluorescein isothiocyanate (FITC) and PI as de-
scribed previously (25).

Western blot analyses

Cells were lysed in Laemmli buffer and immunoblotted with
anti-BiP, anti-eukaryotic initiation factor-2 subunit a (eIF2a),
anti-p-eIF2a, anti-HA, anti-IRE1a, anti-PARP, anti-PERK, anti-
p-PERK (Cell Signaling), or anti-GBA2 (Sigma) antibody. The
protein signal was normalized using an anti-b-actin monoclo-
nal antibody (Cell Signaling). Immunoreactive proteins were
detected with enhanced chemiluminescence (Pierce, Rock-
ford, IL, USA).

Tumor growth

Animal experiments were conducted in accordance with the
86/609/EC European directive, and our protocol was ap-
proved by the Regional Ethics Committee of Midi-Pyrénées
for Animal Experimentation. A375-GBA2 cells (53106) were
injected subcutaneously into the flank of 5-wk-old female
nude mice (Janvier, Le Genest-Saint-Isle, France). When
tumors reached a volume of 50-100 mm3, GBA2 expression
was induced or not by adding fresh 2 mg/ml doxycycline in
the drinking water every day. Animal body weight and tumor
volumes were measured 33/wk. Tumors were removed 38 d
postinjection, weighed, snap-frozen in liquid nitrogen, and
stored at 270°C for subsequent GBA2 enzymatic assay.

Statistical analyses

Results are expressed as means 6 se. Statistical analyses were
performed using Student’s t test (GraphPad Prism Software,
San Diego, CA, USA); values of P , 0.05 were considered
significant. For in vivo experiments, a 2-way ANOVA was used.

RESULTS

Melanoma cells show down-regulation of GBA2

Because GlcCer-based gangliosides are widely ex-
pressed in melanoma (26), we assessed the expression
pattern of the gene encoding for the nonlysosomal
GlcCer-degrading enzyme GBA2 in healthy melano-
cytes and in a series of invasive or metastatic melanoma
cells. As shown in Fig. 1, all melanoma cell lines tested
exhibited a low level of GBA2 mRNA as compared with
normal cells, suggesting that this gene is down-regu-
lated during melanoma tumorigenesis. No difference
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between invasive and metastatic cell lines was noticed.
In addition, we observed that the GBA2 enzyme activity
in melanoma cells was lower than in melanocytes
(21.862.9 and 17.962.1 nmol/h/mg in 5 invasive
[VGP] and 8 metastatic cell lines, respectively, as com-
pared to 31.5 nmol/h/mg in the Melan-a cell line).

Nonlysosomal b-glucosidase GBA2 leads to ceramide
formation

To investigate how GBA2 affects SL metabolism in
melanoma, we first generated a doxycycline-inducible
GBA2 construct, which produces a C-terminal HA-

tagged human enzyme under the control of a tetracy-
cline (Tet) operator and a minimal cytomegalovirus
(CMV) promoter. As shown by immunocytochemistry
(Fig. 2A) and immunoblotting (Fig. 2B) against the HA
tag, solely detecting the overexpressed protein, A375
human melanoma cells exhibited a doxycycline-depen-
dent induction of the GBA2-HA protein, already 24 h
after treatment. A selection strategy based on individual
clones was carried out to obtain clones with weak,
modest, and high inducible expression of GBA2 on
addition of doxycycline, termed GBA2-1, GBA2-2, and
GBA2-3, respectively (Fig. 2C). The enzymatic activity of
GBA2, determined on cell lysates in the presence of
CBE, a potent GBA1 inhibitor, increased after doxycy-
cline induction and was maintained until 96 h post-
treatment. This activity correlated with the expression
level of GBA2 in the established clones (Fig. 2D).
As a specific control of GBA2 activation, we generated

an inducible catalytically inactive GBA2. This was accom-
plished through site-directed mutagenesis by substituting
glutamic acid residue Glu527 of the human GBA2 to
glutamine (this residue was found to be highly conserved
from multialignment analyses; ref. 27). When expressed
at high levels in A375-TetR clones, the doxycycline-in-
duced GBA2(E527Q) mutant produced virtually no enzy-
matic activity (Fig. 2D), whereas neither its protein expres-
sion (Fig. 2C) nor its subcellular localization (Fig. 2E)
were affected. Indeed, a reticular, perinuclear staining
pattern characteristic of the ER was observed in cells
expressing the wt or mutated form of GBA2.
To address the possible involvement of GBA2 in

ceramide formation, we first measured its in situ enzy-

Figure 2. Inducible expression of
wt-GBA2 in melanoma cells results in
increased b-glucosidase activity. A)
GBA2 cells grown on glass coverslips
were incubated for 48 h in the ab-
sence (none) or presence (Dox) of 1
mg/ml doxycycline and then stained
using an anti-HAantibody (green) and
PI (red). B,C)Western blot analyses of
GBA2 expression in A375-derivedmel-
anoma cells using anti-HA (B) and
anti-GBA2 (C) antibodies. D) GBA2
enzyme activity in GBA2-1-, GBA2-2-,
GBA2-3-, and E527Q A375-derived
clones. Data are means 6 se of 4
independent experiments. E) Immu-
nofluorescent staining of GBA2 in
noninduced and doxycycline-induced
A375-derived clones expressing either
a wt (GBA2-3) or a catalytically inactive
(E527Q) GBA2, using an anti-GBA2
antibody.

Figure 1. GBA2 expression in melanoma cells. GBA2 mRNA
in human melanoma cell lines was quantified by quantitative
RT-PCR and expressed as fold change over the levels in adult
(NHEM-M2) or juvenile (NHEM-B) normal human melano-
cytes (means6se of 3 independent experiments performed in
duplicate).
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matic activity by incubating intact living cells with a
fluorescent analog of GlcCer that is converted into
fluorescent ceramide. At 48 h after doxycycline treat-
ment, expression of GBA2 resulted in a significantly
increased degradation of fluorescent GlcCer (Fig. 3A)
together with a significant raise in the amount of
C6-NBD-ceramide (Fig. 3B) in all 3 wt-GBA2-expressing
A375-derived clones but not in GBA2(E527Q) variant.
Moreover, measurement of endogenous SL levels by
LC/MS, in doxycycline-induced clones revealed that
GBA2 caused a dramatic decrease in GlcCer content
(Fig. 3C), whereas sphingomyelin levels remained un-
altered (Fig. 3D). This effect was associated with a
significant increase of ceramide levels, especially those
of 16- and 24-carbon chain length (Fig. 3E), from 24 h
onward (Supplemental Fig. S1A) without affecting di-
hydroceramide content (Supplemental Fig. S1B). Inter-
estingly, expression of the E527Q mutant had no effect
on GlcCer degradation (Fig. 3C) and its conversion
into ceramide (Fig. 3E), demonstrating that the non-
lysosomal glucosylceramidase acts as a novel source of
ceramide production in melanoma cells.

GBA2 inhibits melanoma cell proliferation and in vivo
growth of established melanoma tumors

To assess the biological function of GBA2 in melanoma
cells, A375 clones constitutively expressing the Tet
repressor alone (A375-TetR) or GBA2 were grown in
1% serum with or without doxycycline for 4 d, and

viable cells were counted. Whereas doxycycline treat-
ment did not significantly change growth of control
A375-TetR clones (data not shown) nor that of
GBA2(E527Q) variants, it resulted in inhibition of
melanoma cell proliferation in wt-GBA2 clones
(Fig. 4A), demonstrating that expression of a func-
tional GBA2 is required to inhibit melanoma cell
growth. Moreover, the inhibitory effect of doxycycline
on melanoma clones correlated with the degree of
overexpressed GBA2 activity, so that the number of
viable GBA2-3 cells (having the highest activity) at 96 h
was the same as that at 24 h. The profound inhibitory
effect induced by GBA2 on melanoma proliferation was
also observed on anchorage-independent growth of
GBA2-3 cells, as revealed by the absence of colonies
after doxycycline induction (Supplemental Fig. S2).
To test whether GBA2 overexpression could result in

the suppression of tumor growth in vivo, A375-derived
GBA2-3 cells were subcutaneously injected into the
flank of female athymic nude mice, and tumor volumes
were measured over 38 d. As expected, mice injected
with GBA2-3 melanoma cells developed large tumors at
the site of inoculation. The switch was triggered by
giving the animals, harboring an established tumor,
doxycycline in their drinking water. Under these con-
ditions, the average tumor volumes (Fig. 4B) and
weights (Fig. 4C) of GBA2-3-injected mice were signifi-
cantly reduced. As shown in Fig. 4D, doxycycline in-
duced a strong increase in GBA2 enzymatic activity in

Figure 3. Inducible expression of wt-GBA2 in melanoma cells leads to enhanced GlcCer breakdown and ceramide formation.
A, B) A375-derived clones were incubated for 48 h in the absence or presence of 1 mg/ml doxycycline. C6-NBD-GlcCer (2 mM)
was added to the cells for 2 h. Fluorescent GlcCer (A) and ceramide (B) were quantified. Results are expressed as percentage
of total fluorescent lipids (means6se of 2 independent experiments). C–E) A375-derived clones, expressing either a wt
(GBA2-3) or a catalytically inactive (E527Q) GBA2, were incubated for 24 h in the absence or presence of doxycycline. Cellular
lipids were extracted and SL levels were quantified by LC/MS. GlcCer (C), sphingomyelin (D), and individual and total
ceramide species (E) are expressed in picomoles per nanogram of protein (means6se of 2 independent experiments).
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all tumors of treated mice, demonstrating that expres-
sion of GBA2 can inhibit melanoma tumorigenesis in
vivo.

GBA2 triggers an ER-specific UPR and apoptosis in
human melanoma cells

Because GBA2 is a resident enzyme of the ER (22) and
because recent evidence indicates that increased con-
version of ceramide into GlcCer-reduced ER stress in
pancreatic b-cells (28), we hypothesized that GBA2
induction and subsequent ceramide formation might
affect ER homeostasis in melanoma cells. Induction of
GBA2 in doxycycline-stimulated GBA2-3 cells increased
expression of several ER stress marker genes, including
that encoding BiP, a chaperone protein classically
induced during UPR (Fig. 5A). Similarly, GBA2 also
activated the unconventional XBP-1 mRNA splicing
(Fig. 5B) mediated by IRE1 endonuclease activity,
leading to the expression of the active form of XBP-1.
This XBP-1 spliced form is one of the several factors
responsible for UPR, including IRE1a and other known
mammalian sensors (29).
Of note, the expression of DNAJB9 and EDEM, 2

XBP-1-dependent genes involved in ER protein matu-
ration or ER-associated degradation, respectively, was
induced in doxycycline-stimulated GBA2-3 cells (Fig.
5A). Moreover, GBA2 caused activation of PERK, an-
other ER stress sensor, as evidenced by its autophos-
phorylation as well as by the phosphorylation of its
main substrate, eIF2a (Fig. 5C). This event was associ-
ated with an increased expression of ATF4 and ATF5

transcription factors and of downstream targets of
ATF4, including ASNS, BiP, HERP, GADD34, and
CHOP (Fig. 5A).

Remarkably, Fig. 5 shows that all these effects were
absent in GBA2(E527Q) cells in which GBA2 is ex-
pressed in the ER but in a catalytically inactive form
(Fig. 2), confirming that GBA2 plays a significant role
in the regulation of UPR.
Depending on the duration or severity of ER stress,

activation of the UPR can promote cell survival or lead
to apoptotic cell death. In doxycycline-stimulated
GBA2-3 cells, our data suggest that induction of GBA2
was associated with a decrease in melanoma cell viabil-
ity (Fig. 4A) and an ER stress maintained over time
(Fig. 5B, C). Moreover, ceramide is known to trigger
apoptosis of cells in which it accumulates (3). To test
the ability of GBA2 to modulate apoptosis in melanoma
cells, cell cycle of A375-derived GBA2-3 melanoma cells
was evaluated by flow cytometry analysis. As shown in
Fig. 6A (and Supplemental Fig. S3), the number of cells
with hypodiploid DNA content, which corresponds to
apoptotic cells with degraded DNA, was significantly
higher in cells overexpressing GBA2 after treatment
with doxycycline. Similarly, an increased proportion of
annexin-V-positive cells (Fig. 6B), as well as an in-
creased activity of effector caspases (Fig. 6C) and cleav-
age of the apoptosis-associated protein PARP (Fig. 6D),
considered as some of the major biochemical hallmarks
of apoptosis, were observed in doxycycline-treated
GBA2-3 cells as compared with noninduced cells.
Of note, all these events were absent in doxycycline-

treated GBA2(E527Q) variants (Fig. 6B–D), demon-

Figure 4. Inducible expression of wt-GBA2 reduces melanoma cell growth. A) Viability of A375-derived clones incubated for the
indicated times in the absence or presence of 1 mg/ml doxycycline. Results are expressed as percentage of the value determined
at 24 h in the absence of doxycycline (means6se of 2 to 3 independent experiments). B–D) GBA2-3 cells were subcutaneously
injected into nude mice. When the tumors were measurable, 2 mg/ml doxycycline was added or not in the drinking water.
B) Tumor growth was monitored every 2 d. C, D) At 38 d after implantation of GBA2-3 cells, tumors were excised and weighed
(C), and GBA2 enzyme activity was evaluated in tumor lysates (D). Data are means6se of triplicate determination. Right panel:
mean values measured in individual tumors.
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strating the ability of active GBA2 to modulate the
apoptotic death of melanoma cells.
We next investigated whether activation of ER stress

is causally involved in the stimulation of apoptosis in
response to GBA2 induction in melanoma cells. Data
indicated that silencing ATF6, IRE1a, or PERK (Fig.
6E) significantly reduced GBA2-induced caspase activa-
tion (Fig. 6F). Combined down-regulation of the 3 arms
of ER stress pathways was required to completely abro-
gate this effect. Altogether, these findings suggest that
the GBA2-mediated hydrolysis of GlcCer causes ER
stress which in turn results in apoptosis of melanoma
cells.

DISCUSSION

Metastatic melanoma is one of the most lethal and
drug-resistant cutaneous tumors (30). As some anionic
sialylated derivatives of GlcCer are highly and specifi-
cally expressed in melanomas and involved in the
control of tumorigenesis (16), we speculated that
GBA2, an enzyme capable of degrading GlcCer (19,
22), may modulate the malignant properties of mela-
noma. Here we describe an unappreciated and novel
role for GBA2 in the control of melanoma cell growth
likely through GlcCer degradation into ceramide lead-
ing to ER-stress and subsequent apoptosis of tumor
cells.
We report that GBA2 expression was downregulated

in human melanoma cells as compared to normal
melanocytes. This might be related to the presence of
tumor-associated mutations in the promoter region or
coding sequence of the GBA2 gene or to some epige-
netic change. Although this hypothesis remains to be
tested, note that the N370S mutation in the GBA1 gene,
which leads to the accumulation of GlcCer in the
lysosomes of GD cells, is associated with an increased

risk to develop solid cancers including melanoma and
hematological malignancies (31, 32). For instance, in a
study of 1525 patients, the relative risk for non-Hodgkin
lymphoma was 2.54, for melanoma 3.07, and for pan-
creas cancer 2.37 (31). The pathogenesis of cancers in
GD has not yet been elucidated although it has been
proposed that the lipid storage that occurs primarily in
monocytic cells and macrophages leads to chronic
stimulation of the immune system and subsequent
lymphoproliferation (32). However, how the accumu-
lation of GlcCer due to GBA1 deficiency (and the
resulting lack of ceramide formation) promotes tumor
development remains to be clarified.
GBA2 belongs to a group of at least 4 mammalian

proteins that have been identified as GlcCer-degrading
glucosidases, including GBA3 and the lactase-phlorizin
hydrolase, which is possibly involved in the digestion of
dietary GlcCer in the small intestine (33). Here we
identified GBA2 as a novel source for ceramide gener-
ation through the catabolism of GlcCer, and demon-
strated its ability to inhibit melanoma tumorigenesis.
Of particular interest was the finding that mutations on
Glu527 (Fig. 2) and Asp677 (data not shown) disrupt-
ing the catalytic activity of GBA2 abolished not only
ceramide formation but also the antiproliferative ef-
fects of the nonlysosomal b-glucosidase on melanoma
cells. Ceramide is a bioactive lipid, emerging as a
proapoptotic (2, 3) but also anti-inflammatory (34)
molecule, which confers antitumor properties to this
metabolite. Ceramide-induced apoptosis has been
linked to the activation of various protein kinases,
phosphatases ,or caspases, and to functional perturba-
tions of multiple organelles, especially mitochondria
and lysosomes (35). Notably, data presented here dem-
onstrate that GBA2 acts as a molecular regulator of
ceramide-mediated apoptosis by affecting ER homeo-
stasis. Other ER-residing proteins involved in SL metab-
olism have recently been shown to regulate the UPR

Figure 5. wt-GBA2 elicits ER stress in melanoma cells.
A375-derived clones, expressing either a wt (GBA2-3)
or catalytically inactive (E527Q) GBA2, were incubated
for the indicated times in the absence or presence of 1
mg/ml doxycycline. A) After 24 h induction, mRNA
levels were determined by quantitative RT-PCR and
normalized to S16 ribosomal protein mRNA. Numbers
indicate the mean 6 se fold increase relative to non-
induced cells. B) Splicing of XBP-1 was assessed by
RT-PCR. C) Equal amounts of cell lysates were resolved
by SDS-PAGE and immunoblotted with the indicated
antibodies and reprobed for b-actin to ensure equal
loading. Left: levels of BiP, p-eIF2a, eIF2a, and p-PERK
normalized to b-actin and relative to noninduced cells.
Right: representative immunoblot for GBA2-3 cells.
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and modulate ER stress (36, 37). For instance, it was
reported that pharmacological inhibition of serine
palmitoyltransferase, the enzyme that catalyzes the first
and rate-limiting step in the de novo formation of
ceramide in the ER, prevented cannabinoid-triggered
ER stress and subsequent autophagic cell death in
human astrocytoma (38). Accordingly, ceramide accu-
mulation in the ER, as a result of inactivation of
COL4A3BP, the gene encoding the ceramide transfer
protein CERT, has been described to promote ER stress
and to sensitize numerous cancer cells to paclitaxel-
induced apoptosis (39). Taken together, these observa-
tions reveal that ceramide can potently induce ER
stress, resulting in cancer cell death. Our data also
demonstrate that GBA2 elevated C16- and more
strongly C24-ceramide levels. How these long- and very
long-chain ceramide species, generated by GBA2,
influence ER stress-triggered apoptosis deserves fur-
ther investigation, as it appears that ceramides with
different N-acyl chain lengths might have distinct

functions in the regulation of tumor progression
and/or growth in a context-dependent manner (40).
For instance, in human head and neck squamous cell
carcinomas, ceramide synthase 6-generated C16-cer-
amide exerted a prosurvival role against ER stress-
induced apoptosis, while ceramide synthase 1-gener-
ated C18-ceramide had the opposite effect (41).

Notably, findings presented here now suggest that
intracellular GlcCer, via GBA2 activation, is a novel
source for the induction of ceramide-mediated ER
stress leading to melanoma cell death. Because GlcCer
synthesis, catalyzed by the GCS, occurs on the cytosolic
leaflet of cis-Golgi membranes, it is tempting to specu-
late that there is a retrograde traffic of GlcCer to the
ER, where it could be degraded by GBA2 to produce
ceramide. FAPP2, a cytoplasmic lipid transferase with
a plekstrin homology domain, is the most likely
candidate involved in this process, since FAPP2 si-
lencing reduced transport of newly synthetized Gl-
cCer to lumen of the ER (42). However, the role of

Figure 6. Induction of apoptotic cell death in wt-GBA2-expressing melanoma cells. A375-derived clones were incubated for the
indicated times in the absence or presence of 1 mg/ml doxycycline. A) GBA2-3 cells were harvested, stained with PI, and DNA
content was analyzed by flow cytometry. Percentages of hypodiploid cells are indicated. Data are the means 6 se of 3
independent experiments. B) GBA2-3 and E527Q cells were incubated for 72 h with or without doxycycline and analyzed by flow
cytometry. Percentages of annexin V-positive cells are indicated (means6se of 5 different experiments). C) Activity of
caspases-3/7. D) PARP processing (representative of 2 independent experiments). E, F) Caspase activation was examined in
GBA2-3 and E527Q cells after treatment with 10 nM scrambled siRNA (Scr) or siRNA against ATF6, IRE1a, and /or PERK alone
or in combination. E) Knockdown efficiency as evaluated by RT-PCR and Western blot. F) Activity of caspases-3/7. Data are
means 6 se of 2 independent experiments performed in triplicate.
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FAPP2 in ceramide-triggered apoptosis still remains
obscure.
Overexpression of GBA2 clinically translated into a

marked reduction of melanoma tumor burden. This
system may have some limitations. The fact that no
more than a 50% decrease was seen in tumor volume
is not totally unexpected. Indeed, only one gene/
protein (i.e., GBA2) in the cancer cell was targeted;
no other protein or component in the tumor mi-
croenvironment, or even the whole organism of the
recipient, was targeted. Second, it is possible that the
oral administration of the inducer did not allow a full
expression of the target gene in the tumor in all
animals at the same time. Third, ceramide is quite
obviously not the unique modulator of melanoma
growth and death (numerous players have already
been described; see, for instance, ref. 43 for a
review). Should a future strategy be based on the
induction of GBA2, inducers of GBA2 gene expres-
sion (such as pharmacological compounds) may not
be specific for melanoma cells, leading to side effects
in other cell types. Thus, alternative strategies aimed
at reducing tumor burden may combine different
approaches: regarding ceramide metabolism in mel-
anoma specifically, local administration of exoge-
nous ceramides, as nanoliposomal formulations (44);
manipulation of CerS expression, pharmacological
inhibition of GCS (13), or/and ceramidases (24),
may represent additional strategies.
The present findings thus identify for the first time

GBA2 as a novel mechanism for the production of
proapoptotic ceramide acting through ER stress. So far,
the generation of a bioactive ceramide has been re-
ported to occur either through stress-induced de novo
biosynthesis or sphingomyelin breakdown (2). Only
one study implicated the nonlysosomal degradation of
GSLs via the plasma membrane sialidase Neu3 in
human fibroblasts (45). A more in-depth analysis of the
molecular mechanisms that regulate GBA2 expression
and its antitumorigenic effects is required to better
understand its role in melanoma progression.
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RESUME EN FRANÇAIS 

Le  mélanome  métastatique  demeure  un  cancer  au  sombre  pronostic,  et  aucune  des 

thérapies conventionnelles n'a pu apporter de bénéfice sur  la survie globale. Malgré  les nombreux 

progrès  réalisés  dans  la  compréhension  de  la  biologie  et  la  génétique  du  mélanome,  peu  de 

traitements efficaces sont actuellement disponibles. De plus en plus de preuves renforcent la notion 

que  le microenvironnement  tumoral  jouerait  un  rôle  clé  dans  la  progression  de  ces  tumeurs.  Les 

cellules cancéreuses  intéragissent de  façon dynamique et bidirectionnelle avec  le  stroma à  travers 

des échanges moléculaires modulant le phénotype tumoral. L'objectif de ces travaux de thèse a été 

de définir  le  rôle de  la  sphingosine 1‐phosphate  (S1P) dans  les  interactions mélanome‐stroma.  La 

signalisation  "inside‐out" de  la  S1P  lui permet d'agir  à  la  fois  sur  les  cellules  tumorales  et  sur  les 

cellules  stromales  et  souligne  l'intérêt  de  ce  métabolite  bioactif  pour  la  thérapie  ciblée  des 

mélanomes de stade avancé. L'analyse de  l'expression des enzymes du métabolisme de  la S1P dans 

des  lignées  cellulaires  de  mélanome  humain  a  mis  en  évidence  des  altérations  en  faveur  de 

l'accumulation de S1P dans  les cellules malignes en comparaison avec des mélanocytes sains. Cette 

observation a été confirmée in situ dans des tissus tumoraux issus de patients atteints de mélanome. 

La prolifération et la migration des cellules de mélanome ne sont pas affectées par des modifications 

d'expression des enzymes du métabolisme de  la S1P, mais peuvent être modulées par  l'addition de 

S1P exogène. Ainsi, des fibroblastes dermiques qui sécrètent de  la S1P  influencent  la migration des 

cellules  de  mélanome  en  co‐culture.  De  plus,  l'incubation  de  ces  fibroblastes  avec  du  milieu 

conditionné  issu  de  cellules  de  mélanome  induit  l'expression  de  protéines  impliquées  dans  la 

différenciation myofibroblastique ainsi que celle de la sphingosine kinase 1 (SK1) par les fibroblastes. 

Des expériences de tumorigenèse in vivo ont permis de montrer que la croissance tumorale locale et 

les métastases étaient augmentées de façon plus efficace par la co‐injection de fibroblastes cutanés 

sauvages par rapport à des fibroblastes  issus de souris Sphk1‐/‐. Enfin, tandis que  la diminution des 

taux de S1P plasmatique chez les souris Sphk1‐/‐ est associée à une inhibition de la croissance et de 

la dissémination des cellules de mélanome, cette dernière est à l'inverse potentialisée chez les souris 

Sphk2‐/‐ qui présentent des taux de S1P plasmatique élevés.  

L'ensemble de nos  résultats démontre  l'implication de  la S1P dans  les  interactions entre  le 

mélanome  et  son microenvironnement,  soulignant  l'intérêt  de  cibler  ce  sphingolipide  bioactif  en 

thérapeutique. 
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